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ABSTRACT 
All species of anguilliform eels have pelagic leptocephalus larval stages, which 
provides a means of monitoring the population dynamics of these otherwise cryptic and 
hard to study species. The goals of this study were to: 1) describe the distribution and 
abundance of anguilliform eel leptocephali across the northern Gulf of Mexico, and 2) 
examine the trophic ecology of leptocephali using stable isotope values of carbon and 
nitrogen (δ13C and δ15N). A 25-year (1990-2014) ichthyoplankton dataset provided by 
the National Oceanic and Atmospheric Administration (NOAA) Southeast Area 
Monitoring and Assessment Program (SEAMAP) was used to examine interannual 
variations in leptocephalus distribution, abundance, and occurrence. Family-level indices 
of abundance and occurrence were significantly and positively correlated over the time 
series within season (spring and fall) and gear types (bongo net and neuston net). Ten of 
the reported twelve eel families known from the Gulf of Mexico were collected during 
this time series. Decreases in abundance and occurrence for dominant families 
(Ophichthidae, Congridae, and Muraenidae) were observed during the latter part of the 
time series. Leptocephalus, zooplankton, and particulate organic matter (POM) samples 
were collected during the SEAMAP Fall Plankton Survey in 2016 and analyzed for stable 
isotopes.  Variability in the isotope values of leptocephali was driven by variability in 
baseline POM isotope values.  Diet composition analyses indicated leptocephali used 
POM and small zooplankton as diet sources. Information about leptocephali taxonomic 
diversity, abundance, distribution, and trophic ecology add to our understanding of their 
ecological role in the ocean. 
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CHAPTER 1 INTERANNUAL VARIABILITY IN DISTRIBUTION, ABUNDANCE, 
AND OCCURRENCE OF ANGUILLIFORM LEPTOCEPHALI IN THE NORTHERN 
GULF OF MEXICO   
1.1 Introduction 
All true eels belong to Order Anguilliformes (D’Août and Aerts 1999, Miller and 
Tsukamoto 2004), which is comprised of 19 families and approximately 938 species 
distributed worldwide from tropical to lower-temperate latitudes (Miller 2009; Nelson et 
al. 2016).  Nearly all anguilliform eels are marine residents throughout all life stages, 
with the notable exception of catadromous eel species in Family Anguillidae (Böhlke 
1989a), which spawn in the ocean but live as juveniles and adults in estuarine habitats 
(Aoyama 2009, Tesch et al. 2003). In addition, some species in families Ophichthidae, 
Muraenidae, and Congridae have been observed entering fresh water (Nelson et al. 2016).   
Twelve families of anguilliform eels are represented in the Gulf of Mexico, with 
conger eels and garden eels (Family Congridae), moray eels (Family Muraenidae), and 
snake eels (Family Ophichthidae) among the most common taxa (McEachran and 
Fechhelm 1998, Nelson et al. 2016). These families are globally distributed (except in 
high latitudes) with species that use a wide range of marine habitats, including coastal, 
continental shelf, and deep water (>800 m) environments (Böhlke 1989a, Nelson et al. 
2016).  False morays (Family Chlopsidae) and spaghetti eels and worm eels (Family 
Moringuidae) are also distributed worldwide (including the Gulf of Mexico) but are 
confined to relatively shallow waters. Duckbill eels (Family Nettastomatidae) and 
cutthroat eels (Family Synaphobranchidae) inhabit the upper slope or outer continental 
shelf, while snipe eels (Family Nemichthyidae), narrowneck and shorttail eels 
 2 
(Derichthyidae), and sawtooth eels (Family Serrivomeridae) are entirely mesopelagic, 
living in the upper few thousand meters of oceans worldwide (Böhlke 1989a, Nelson 
2016). Families Anguillidae and Derichthyidae each have only one species that occurs in 
the Gulf of Mexico (McEachran and Fechhelm 1998, Fahay 2007). Some pike conger 
(Family Muraenesocidae) leptocephali have been collected in the Gulf of Mexico, 
however adults reportedly live in along the coast of Central and South America, and from 
Cuba to Trinidad in depths less than 100 m (Smith 1989a).  
Seven families of eels do not occur in the Gulf of Mexico. The order previously 
known as Saccopharyngiformes, consisting of families Saccopharyngidae, 
Eurypharyngidae, and Monognathidae, is now recognized as Suborder 
Saccopharyngoidei within Anguilliformes (Nelson et al. 2016, Forey et al. 2006). These 
families are bathypelagic, with some species having been collected from depths greater 
than 3000 m. (Bertelsen et al. 1989). Family Protanguillidae is a relatively new family 
consisting of a single species discovered in 2009 in an undersea cave in the Republic of 
Palau (Nelson et al. 2016). Eels from the families Heternchelyidae, Myrocongridae, and 
Cytematidae also are not found in the Gulf of Mexico.  
Order Anguilliformes is grouped in the Superorder Elopomorpha with ladyfishes 
and tarpon (Order Elopiformes), spiny eels (Order Notacanthiformes), and bonefishes 
(Order Albuliformes), all of which share the unique leptocephalus larval form (Inoue et 
al. 2004, Nelson et al. 2016). Anguilliform leptocephali can be distinguished from other 
elopomorphs because their dorsal and anal fins are confluent with the caudal fin (Nelson 
et al. 2016).  Notocanthiforms have eel-like bodies as adults, but the leptocephali can be 
differentiated from anguilliforms by a single postcaudal filament in place of a caudal fin 
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(Smith 1979, Nelson et al. 2016).  Elopiform and Albuiliform leptocephali are unique in 
that they have a forked caudal fin (Nelson et al. 2016, Fahay 2007). Leptocephali are 
planktonic, therefore the locations of spawning adults determine how offspring will be 
distributed.  Spawning locations vary from shallow water regions to areas offshore 
depending on the life history of each species (Miller 2009).  Because spawning events are 
difficult to observe, spawning grounds are identified by areas where small leptocephali 
have been caught (Miller 2009).  With the exception of anguillids, most eels spawn near 
or within their adult habitats (Miller 2002). 
Despite the presence of over 900 species of eels in both temperate and tropical 
waters (Nelson et al. 2016), little is known about the life histories of many of these 
species and even less is known about their leptocephali (Böhlke 1989b, Miller and 
Tsukamoto 2004).  Leptocephali show virtually no resemblance to their adult and 
juvenile forms, making it difficult to match a larva with its adult species using 
morphological characteristics (Miller 2009).  Adult eels are nocturnal and often live at 
great depths, making them difficult to sample and study.  In contrast, leptocephalus larval 
stages generally have long pelagic durations (Miller and Tsukamoto 2006), making them 
susceptible to capture using plankton net samplers (Miller 2009).  Sampling for 
leptocephali, therefore, may be the most effective way to study the distribution, 
biodiversity, and population dynamics of eels (Miller and Tsukamoto 2006).  Because 
eels serve an important link in marine food webs, monitoring their biodiversity could be 
an important factor in maintaining a measure of the health of the ecosystem at large 
(Bianchi and Morri 2000). Distributions of eel leptocephali taxa has been examined in 
many regions, including the Sargasso Sea (Miller and McCleave 1994), China Sea 
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(Miller et al. 2002), Indonesian seas (Wouthuyzen et al. 2005), and the Indian Ocean 
(Castle 1969). However relatively few studies have examined leptocephalus distributions 
in the Gulf of Mexico (Quattrini et al. 2019), and none have examined time series data to 
examine long-term trends. 
The purpose of this study is to describe the distribution and abundance of 
anguilliform eel leptocephali across the northern Gulf of Mexico based on annual 
plankton surveys conducted by the National Oceanic and Atmospheric Administration 
(NOAA) Southeast Area Monitoring and Assessment Program (SEAMAP). Using a 25-
year (1990-2014) time series of SEAMAP observations, I describe family-level spatial 
patterns of leptocephalus abundance and occurrence for spring and fall collections using 
bongo net and neuston net samples (a total of 8,280 samples). I also evaluate the efficacy 
of using SEAMAP data to examine interannual patterns of leptocephalus abundance as a 
means of monitoring population dynamics of otherwise cryptic and hard to study species.   
1.2 Materials and Methods 
Plankton samples have been collected across the northern Gulf of Mexico during 
annual SEAMAP surveys since 1982 (Lyczkowski-Shultz and Hanisko 2007).  SEAMAP 
stations are located at 30 nautical mile intervals in a grid pattern across the Gulf of 
Mexico (Figure 1.1).  Fall surveys mainly consisted of stations within the 200 m isobath, 
and Spring surveys consisted of stations outside of the 200 m isobath (Lyczkowski-Shultz 
et al. 2013). Historically the number of plankton samples collected during day and night 
have been approximately equal throughout each survey (Lyczkowski-Shultz et al. 2013). 
At each station, plankton samples were collected with a bongo net (61 cm diameter; 333 
um mesh) towed in a double oblique path down to a depth of 200 m, or within 2–5 m 
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above the bottom in shallower areas (Lyczkowski-Shultz et al. 2013).  A mechanical 
flowmeter was mounted in each bongo net to record the volume of water filtered.  
Surface samples were also collected using a 1 x 2 m neuston net (0.950 mm mesh) towed 
for 10 minutes (Lyczkowski-Shultz et al. 2013).  One bongo net sample from each station 
was archived. The other bongo sample and the neuston sample were sent to the Sea 
Fisheries Institute's Plankton Sorting and Identification Center (ZSiOP; Szczecin, Poland) 
for sorting and ichthyoplankton identification (Lyczkowski-Shultz et al. 2013). All 
SEAMAP cruise and plankton data (1982–present) are maintained in the SEAMAP 
database and are available upon request.  
My analysis was restricted to a 25-year period (1990-2014) because of variable 
methodologies and sampling effort across the entirety of the full time series. My analysis 
included bongo net and neuston net samples from both the Spring and Fall surveys, with 
the exception of Fall 2005 due to the passage of Hurricane Katrina. If a station was 
sampled more than once per year during a survey, only data from the first sampling effort 
was included in the analysis. SEAMAP stations that were sampled less than 50% of the 
time during the 25-year time series (i.e., <12 years) were removed from the analysis 
(Figure 1.2).  During Spring surveys prior to 2013, neuston samples were collected at 
every station and bongo samples were collected at alternating stations, resulting in fewer 
bongo net stations available for the Spring analyses.  Collection data were divided into 
categories based on season and sampling gear type: Spring Neuston (97 stations), Spring 
Bongo (49 stations), Fall Neuston (127 stations), and Fall Bongo (128 stations). Although 
the SEAMAP database contained many species-level identifications for anguilliform 
leptocephali, most identifications were at the family level (81%). Therefore all taxonomic 
 6 
levels (species, genus, family) were combined at the family level for analyses. Family 
level identifications were believed to be consistent throughout the time series based on 
discussions with ZSiOP and SEAMAP ichthyoplankton taxonomists (M. Konieczna, 
ZSiOP; J. Lyczkowski-Shultz, NOAA SEAMAP; pers. comm.).  
 For bongo net tows, leptocephali abundances were standardized as number of 
larvae under 10 m2 of surface water. For neuston net tows, leptocephali abundances were 
standardized as the number of larvae per 10 minute tow. A time series (25-year) mean 
standardized catch was calculated for each station by gear and survey. Distribution plots 
using these standardized abundances were constructed following Lyczkowski-Shultz et 
al. (2013) for all families of anguilliform eels collected over the time series to visualize 
seasonal and spatial patterns of distribution.  In addition, a brief biological profile was 
compiled based on a review of peer-review literature to report relevant information 
regarding the leptocephali for each family collected. 
 To examine long-term trends in leptocephalus catch over the course of the 
SEAMAP time series, mean annual abundances (standardized as above) and annual 
percent occurrence were calculated for each gear type and survey for the three dominant 
families (Congridae, Muraenidae, and Ophichthidae), following Hanisko et al. (2007). 
Annual abundance and percent occurrence estimates were standardized against the time 
series mean (i.e., mean = 0) and plotted for each gear and survey as abundance and 
percent occurrence time series anomalies. To examine the relationships among the 
different abundance indicators (abundance, percent occurrence), gears (bongo net, 
neuston net) and surveys (Spring, Fall), Spearman’s rank correlation coefficients were 
calculated for all possible pairings of variables.  
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1.3 Results and Discussion 
1.3.1 General patterns in leptocephalus distribution and abundance 
Ten of the reported 12 eel families known from the Gulf of Mexico were collected 
during this time series (Table 1.1). Many specimens (24%) were only identified as 
anguilliform eels. Dominant families based on the number of individuals and occurrences 
included Ophichthidae (50% and 47%, respectively), Congridae (18% and 20%, 
respectively), and Muraenidae (6% and 8%, respectively). Family Ophichthidae was the 
most diverse in terms of identifiable species (n=12). Dominant ophichthid species 
included Ophichthus gomesii, Pseudomyrophis fugesae, and O. rex. Nettastomatids and 
moringuids were relatively common, whereas anguillids, chlopsids, muraenoeocids, 
nemichthyids, and synaphobrachids were rare throughout the time series (Table 1.1).  
Of the 8,280 samples that comprised the time series data set, approximately 60% 
of the samples were collected during the Fall Surveys, and the majority of leptocephalus 
occurrences (84%) were during the Fall Surveys (Table 1.1). Likewise the majority of 
leptocephalus specimens (77%) were collected during the Fall Surveys. Of the 
leptocephali collected during Fall Surveys that were identifiable at least to the family 
level, Ophichthidae (60%), Congridae (20%), and Muraenidae (6%) were the dominant 
families (Table 1).  While most families were collected during spring and fall surveys, 
four families were present only during the spring surveys (Anguillidae, Nemichthyidae, 
Chlopsidae, Muraenesocidae).  The absence of these families in fall survey samples may 
indicate that they are late winter or spring spawners. It is important to note, however, that 
collectively these families were very rare (23 specimens total) throughout the time series 
(Table 1.1), and consequently it is possible that they are seldom abundant in the region 
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during fall or spring periods.  Synaphobranchid leptocephali were captured in both spring 
and fall surveys but more frequently encountered during the spring surveys (Table 1.1).  
While no families in this study exclusively spawned in the fall, four families (Congridae, 
Moringuidae, Muraenidae, and Ophichthidae had 80% or higher occurrence of 
leptocephali in the fall surveys (Table 1.1). Nettastomatidae leptocephali occurrences 
were nearly equal between spring (44%) and fall (56%) surveys.      
With respect to sampling gear, bongo net samples comprised only 42% of the 
total number of samples in the data set, yet accounted for 72% of total leptocephalus 
occurrences (Table 1.1). The disparity in occurrence by gear suggests that the majority of 
leptocephali in the sampling area are distributed throughout the water column rather than 
concentrated in the surface waters. With the exception of anguillids, muraenids, and some 
species of ophichthids (e.g., Ahlia egmontis), most taxa were encountered more 
frequently in bongo nets. Combined these results indicate that the bongo net may be a 
preferred sampler for the long-term monitoring of leptocephali.  During SEAMAP 
surveys, bongo net sampling filters a large volume of water (from the surface down to 
200m, or 2 m off the bottom if the station depth is less than 200 m), while the neuston net 
samples only the top 0.5 m of the water.  Leptocephali are known to undergo vertical 
migrations, swimming to deeper waters during daylight hours (Schoth and Tesch 1984, 
Castonguay and McCleave 1987), which may result in fewer opportunities for collection 
with neuston nets, particularly during night sampling.   
A potential problem in the interpretation of SEAMAP survey plankton data is the 
coupling of sampling season (spring, fall) with sampling region (shelf, offshore) inherent 
in the survey design. The goal of the SEAMAP plankton surveys is to collect fisheries-
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independent data relevant to the assessment of managed species in the Gulf of Mexico. 
Spring surveys occur in offshore waters nominally from late April through May to 
coincide with the spawning of Bluefin Tuna, while Fall surveys occur in shelf waters 
nominally from late August through September to collect data for assessments of King 
Mackerel and Red Snapper, among other species (Gledhill and Lyczkowski-Shultz 2000, 
Hanisko et al. 2007, Lamkin et al. 2015). Therefore it is often difficult to determine if 
observed patterns in the distribution and abundance for non-target species is related to 
spatial or temporal factors. Nevertheless, the SEAMAP plankton surveys provide the 
longest time series and largest spatial coverage of any ichthyoplankton survey in the Gulf 
of Mexico, making it the best resource available for examining long-term trends larval 
fish abundance and distribution, including leptocephali.  
1.3.2 Family-level distributions, abundance and occurrence 
 Family Anguillidae (2 occurrences; 3 leptocephali; Figure 1.3) Only one anguillid 
species, the American Eel (Anguilla rostrata) species is known from the Gulf of Mexico 
(Smith 1989b), therefore these three specimens reported in the SEAMAP database can be 
assumed to be this species (Table 1.1). These specimens were collected in neuston nets 
near the shelf break only during the Spring Survey (Figure 1.3). Anguillid leptocephali 
are characterized by a lack of melanophores on the head or body, a relatively short snout, 
and a simple gut that is >50% of the standard length (Fahay 2007). The maximum size 
reported in the plankton is approximately 80 mm SL (Fahay 2007).  
 Family Chlopsidae (3 occurrences; 3 leptocephali; Figure 1.3) Only one species of 
chlopsid (Kaupichthys hyoproroides) has been reported in the Gulf of Mexico 
(McEachran 2009), therefore the identified K. hyoproroides and the unidentified 
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chlopsids in the SEAMAP database can be assumed to be this species (Table 1.1).  
Chlopsid leptocephali during this time series were captured only in bongo net samples 
during spring surveys in offshore waters of the eastern Gulf of Mexico (Figure 1.3). False 
moray leptocephali are characterized by a moderately deep body with a tail that is bluntly 
pointed and a simple gut that is slightly <50% of the SL (Smith 1989c). Lateral 
pigmentation and gut pigmentation are variable, but many have a crescent-shaped patch 
below the eye.  The maximum reported length for Chlopsidae leptocephali is less than 90 
mm SL (Fahay 2007).  
Family Muraenesocidae (6 occurrences; 6 leptocephali; Figure 1.3) One species 
of pike eels, Cynoponticus savanna, is native to the West Indies from Cuba to Trinidad 
and along to coast of Central and South America from Panama to Brazil (Smith 1989a).  
Because no muraenesocid adult eels have been reported in the Gulf of Mexico (Smith 
1989a, McEachran and Fechhelm 1998), the six muraenesocid leptocephali in this time 
series were likely transported into the Gulf of Mexico from the Caribbean region or South 
America via ocean currents (e.g. Loop Current).  As the closest known adult to the 
sampling region, it is likely that the unidentified muraenesocid leptocephali in this time 
series were C. savanna. Muraenesocidae leptocephali were only captured during spring 
surveys in bongo net samples (Table 1.1) from SEAMAP stations located beyond the 200 
m contour between the longitudes of 92°W and 87°W (Figure 1.3).  Pike eel leptocephali 
are characterized by a relatively long gut with one swelling near the front of the body, 
and they have an elongate body with a lack of notochord pigment (Miller and Tsukamoto 
2004).  Muraenesocid leptocephali look similar to some muraenid and congrid species 
but have a combination of features that are unique (Miller and Tsukamoto 2004).   
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Family Nemichthyidae (11 occurrences; 11 leptocephali; Figure 1.4) Four species 
of snipe eels have been reported in the Gulf of Mexico, all of which inhabit mesopelagic 
and bathypelagic environments (McEachran and Fechhelm 1998).  No nemichthyid 
leptocephali were identified to species in the SEAMAP database, and all were captured 
during spring surveys.  Of the 11 individuals collected, eight leptocephali were found in 
bongo net samples taken from SEAMAP stations that were located beyond the shelf 
break (Table 1.1, Figure 1.4).  Snipe eel leptocephali are distinguishable from other 
leptocephali because they have a gut with no swellings that is 90% of the SL, and they 
have a sharp snout with a concave profile (Fahay 2007).  Nemichthyid leptocephali can 
be very large with maximum reported SL of 300-400 mm.  This family can be divided 
into two groups that are characterized by myomere count, pigmentation, and body shape.  
Leptocepahli belonging to the genus Nemichthys are elongate with an attenuate, filiform 
tail.  Collectively, Labichthys spp. and Avocetta spp. leptocephali are only moderately 
elongate with a more normal shaped tail (Smith 1989g).   
Family Synaphobranchidae (17 occurrences; 20 leptocephali; Figure 1.4) Seven 
species of cutthroat eels have been reported in the Gulf of Mexico (McEachran and 
Fechhelm 1998). As adults, all but two of these species (Dysomma anguillare, 
Synaphobranchus oregonii) inhabit benthic environments beyond the 200 m contour. 
Three individuals in the SEAMAP database were identified as the species D. anguillare. 
The majority of synaphobranchid leptocephali individuals (80%) and occurrences (76%) 
were in the spring surveys (Table 1.1).  Synaphobranchid leptocephali were only found in 
bongo net samples from SEAMAP stations that were located in the western Gulf of 
Mexico beyond the 200 m contour during spring surveys (Figure 1.4).  Cutthroat eel 
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leptocephali are characterized by having a telescopic eye, which is a common trait for 
animals living in deep water habitats (Smith 1989i). Synaphobranchid leptocephali can be 
divided into two “types” that are characterized by differences in gut pigment and 
structure.  Leptocephali of Synaphobranchus spp. have a simple gut with no pigment.  
Collectively, leptocephali of Ilyophinae and Synaphobraninae subfamilies have a gut that 
is heavily pigmented and contains three or more loops or swellings.  Syaphobranchid 
leptocephali have a maximum reported SL that ranges from 100-200 mm (Smith 1989i).   
Family Congridae (1285 occurrences; 3613 leptocephali; Figure 1.5) Twenty-six 
species of congrid eels have been reported from the Gulf of Mexico (McEachran 2009). 
Congrids ranked second (behind Family Ophichthidae) in total number of leptocephali 
and total number of occurrences for this time series. None were identified to species in 
the SEAMAP database. Bongo net samples accounted for 80% of the total number of 
congrid leptocephali and approximately 78% of total congrid leptocephali occurrences 
(Table 1.1). Combined these results indicate that congrid leptocephali are distributed 
throughout the water column rather than concentrated in surface waters. Seasonally, the 
majority of congrid leptocephali individuals (91%) and occurrences (81%) were observed 
during the Fall surveys. During the fall surveys, congrid leptocephali were widely 
distributed, with highest abundances concentrated in the northcentral Gulf of Mexico 
from a region roughly south of the Louisiana birdsfoot to the shelf break region south of 
Pensacola, Florida (Figure 1.5). Congrid larvae were largely absent from the SEAMAP 
stations nearest to shore. During the spring surveys, congrid leptocephali were also 
widely distributed in offshore waters, though at relatively lower abundances than in the 
fall surveys (Figure 1.5). Congrid leptocephali are characterized by a simple gut that is ¾ 
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the SL or greater and a moderate to elongate body shape.  Congrid leptocephali have a 
wide range of morphology across species, however there are several well-defined "types" 
that are readily recognizable. Collectively, leptocephali of Ariosoma spp. and 
Parabathymyrus spp. are relatively large and elongate with a simple gut and short dorsal 
fin (Smith 1989d). Similarly, leptocephali from the genera Conger, Gnathophis, 
Rhechias, Uroconger, and Rhynchoconger are smaller, and have a crescent-shaped patch 
of pigment beneath the eye.  For most species, the maximum leptocephalus length is 
approximately 100 mm SL, however a few species may reach lengths of 200-300 mm 
(Fahay 2007).  
Family Moringuidae (67 occurrences; 461 leptocephali; Figure 1.6) Two species 
of spaghetti eels (Moningua edwardsi and Neoconger mucronatus) have been reported 
from the Gulf of Mexico (McEachran and Fechhelm 1998).  One N. mucronatus was 
identified to species in the SEAMAP database; the remaining unidentified moringuid 
leptocephali are likely to be either M. edwardsi or N. mucronatus.  Bongo samples 
accounted for 97% of the total moringuid individuals and 88% of total moringuid 
occurrences (Table 1.1). These results indicate that moringuid leptocephali are distributed 
throughout the water column instead of concentrated at the surface. Seasonally, the 
majority of individuals (99%) and occurrences (91%) were collected during fall surveys 
(Table 1.1).  In the fall surveys, the majority of moringuid leptocephali were captured in 
bongo samples collected from Mobile westward with an area of higher abundance near 
the southern part of Texas (Figure 1.6).  Overall moringuid leptocephali were largely 
absent from SEAMAP stations that were nearest to shore, and very few were captured 
outside of fall bongo samples (Figure 1.6). Spaghetti and worm eel leptocephali are 
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unique from other families in that they have a moderately short gut (2/3 SL) with a 
prominent swelling or loop at the end of the gut before the anus.  Pigmentation can be 
used to distinguish between the two genera.  Leptocephali of Moringua spp. have large, 
stellate melanophores on the midlateral line (Smith 1989b), and leptocephali of 
Neoconger spp. are lacking pigment, aside from one lateral melanophore near the caudal 
fin (Fahay et al. 2007).  Moringuid leptocephali are relatively small with a maximum 
reported SL of 60-70 mm (Smith 1989e).     
 Family Muraenidae (518 occurrences; 1110 leptocephali; Figure 1.7) Twelve 
species of moray eels have been reported in the Gulf of Mexico (McEachran and 
Fechhelm 1998).  Muraenids ranked third in total number of leptocephali and occurrences 
in this time series.  None were identified to species in the SEAMAP database.  Neuston 
net samples accounted for 79% of the total number of congrid leptocephali and 
approximately 66% of total congrid leptocephali occurrences (Table 1.1). These results 
indicate that muraenid leptocephali are located mainly in the surface waters.  Seasonally, 
the majority of muraenid leptocephali individuals (90%) and occurrences (84%) were 
observed during the Fall surveys (Table 1.1). During both spring and fall surveys, 
leptocephali were widely distributed, with relatively higher abundances in the fall 
surveys. In spring bongo surveys there were a few stations with higher abundance at 
SEAMAP stations located offshore between longitude 83.5°W and 86°W (Figure 1.7).  
Moray eel leptocephali are characterized by a pectoral fin that is absent or greatly 
reduced. They have a simple gut that is ½ -¾ of the SL and a head and snout that are 
short and blunt (Fahay 2007).  Muraenidae leptocephali are a fairly homogenous group 
but can usually be distinguished by pigmentation and fin placement.  Anarchias spp. are 
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unique in that the origin of the anal fin is distant from the anus.  The maximum reported 
SL for muraenid leptocephali is less than 100 mm (Smith 1989f).     
 Family Nettastomatidae (452 occurrences; 851 leptocephali; Figure 1.8) Nine 
species of duckbill eels have been reported in the Gulf of Mexico (McEachran and 
Fechhelm 1998).  None were identified to species in the SEAMAP database. Bongo net 
samples accounted for 99% of the total number of nettastomatid leptocephali and 
approximately 98% of total congrid leptocephali occurrences (Table 1.1).  These results 
combined indicate that nettastomatid leptocephali are distributed throughout the water 
column rather than being concentrated in the surface waters. Seasonally, nettastomatid 
leptocephali were more evenly distributed with slightly more occurrences (63%) and 
more leptocephali individuals captured (56%) in the Fall surveys (Table 1.1).  
Nettastomatid leptocephali were mostly absent from nearshore SEAMAP stations in the 
fall surveys and widely distributed throughout the spring survey, as these stations are 
mostly located offshore (Figure 1.8).  In both the fall and spring surveys, the SEAMAP 
stations with the highest abundance were located near the 200 m shelf break (Figure 1.8). 
Duckbill eel leptocephali are characterized by having gut length of less than half the SL, 
a tail that is pointed and elongate, and the majority of species have two distinct gut 
swelling or loops (Fahay 2007).  Nettastomatid leptocephali can be divided into three 
distinct “types” distinguishable by body shape and gut shape.  Nettastoma spp. and 
Nettenchelys spp. leptocephali are deep-bodied with a narrowing toward the tail.  
Leptocephali of the genera Hoplunnis and Saurenchelys are elongate and shallow-bodied.  
Lastly, Facciolella spp. leptocephali are also elongate but have no gut swellings (Smith 
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1989h).  Nettastomatid leptocephali can be quite large, reaching a maximum reported SL 
of over 200mm (Fahay 2007). 
 Family Ophichthidae (3036 occurrences; 10,111 leptocephali; Figure 1.9) 
Twenty-eight species of snake and worm eels have been reported in the Gulf of Mexico 
(McEachran and Fechhelm 1998).  Ophichthids ranked first in total number of 
leptocephali and total number of occurrences for this time series and had the largest 
number of species (n=12) that were identified in the SEAMAP database. Bongo net 
samples accounted for 64% of the total number of ophichthid leptocephali and 
approximately 71% of total ophichthid leptocephali occurrences (Table 1.1).  Combined, 
these results indicate that ophichthid leptocephali more likely to be distributed throughout 
the water column than concentrated in the surface waters. The majority of ophichthid 
leptocephali individuals were captured during fall surveys (95%), and ophichthid 
occurrences were also highest during fall surveys (90%) (Table 1.1).  Ophichthid 
leptocephali were found in larger numbers in the western and central gulf in fall bongo 
samples, they were taken in higher abundances in the western gulf in spring bongo 
samples.  Ophichthid leptocephali were also found in higher abundances along the shelf 
break in bongo samples during both survey seasons (Figure 1.9). Ophichthid leptocephali 
were widely distributed in both the spring and fall neuston samples, though at relatively 
lower abundances in the spring surveys (Figure 1.9). Snake eel leptocephali can be 
distinguished from other families by the presence of three or more gut loops or swellings.  
Many species have more, some with up to nine swellings (Leiby 1989).  Ophichthid 
leptocephali have a gut that is 50-67% of the SL, and ventral pigment tends to be present 
on the swellings (Fahay 2007).  Ophichthid leptocephali are divided into two subfamilies 
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that can be identified by a difference in the number of liver lobes.  Leptocephali 
belonging to the subfamily Myrophinae (worm eels) have three liver lobes with a gall 
bladder on the third lobe, and leptocephali in the subfamily Ophichthinae (snake eels) are 
distinguished from all other leptocephali by having two connected liver lobes with the 
gall bladder on the second lobe (Leiby 1989). Ophichthid leptocephali have a maximum 
reported SL of 80-180 mm (Fahay 2007).   
1.3.3 Long-term trends in leptocephalus abundance and occurrence 
Three families (Ophichthidae, Congridae, Muraenidae) were collected in 
sufficient numbers (a combined 93% of all identifiable leptocephali) across gear types 
and surveys to allow for the analysis of long-term trends in abundance.  The majority of 
ophichthid (95%), congrid (91%), and muraenid (90%) leptocephali were collected 
during the fall surveys, therefore trends and interpretations of leptocephali abundances 
over time are most supported with data from fall surveys relative to spring surveys. 
For Family Ophichthidae, trends in Fall Bongo Abundance and Fall Bongo 
Occurrence were positively and significantly correlated, as were trends in Fall Neuston 
Abundance and fall Neuston Occurrence (Table 1.2; Figure A.1). Also notable is that the 
observed trends between bongo nets and neuston nets were positively and significantly 
correlated, which suggest both gear types provide similar, relative abundance information 
for ophichthid leptocephali (Table 1.2; Figure A.1). In general, anomalies of ophichthid 
leptocephali abundance and occurrence were positive during the 1992-2004 period, and 
generally negative during the latter part of the time series (2006-2014) (Figure 1.10). 
Similar significant correlations were found between Spring Bongo Abundance and 
Occurrence, Spring Neuston Abundance and Occurrence, and between gear Abundance 
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and Occurrence combinations (Table 1.2, Figure A.2). The magnitudes of change in 
positive and negative anomalies for the spring survey time series were much lower (note 
difference in axis scales between Figures 1.10 and 1.11), owing to the considerably fewer 
number of leptocephali collected during spring surveys relative to the fall surveys. The 
pattern of abundance is less conclusive in the spring surveys, but the data suggest 
relatively higher abundances of ophichthid leptocephali were collected during the early 
(1990-1994) and later (2006-2012) years of the time series (Figure 1.11). Most 
ophichthids in the Gulf of Mexico inhabit demersal habitats as adults at depths shallower 
than 200 m (McEachran 2009). Therefore although the higher abundance and distribution 
during the fall surveys (Figure 1.10) may indicate a seasonal preference, it is more likely 
that these patterns are related to the spatial distribution of adults.   
For Family Congridae, trends in Fall Bongo Abundance and Fall Bongo 
Occurrence were also positively and significantly correlated, as were trends in Fall 
Neuston Abundance and Fall Neuston Occurrence (Table 1.2; Figure A.3). Unlike Family 
Ophichthidae, there were no significant correlations in observed trends across gear type, 
which suggests that interpretation of Congridae abundance is gear dependent. 
Significantly more congrid leptocephalus larvae were collected in bongo nets (Table 1.1), 
therefore Fall Bongo Abundance and Occurrence trends may be more representative of 
congrid abundance and distribution patterns. The patterns of anomalies for congrid 
leptocephali abundance and occurrence were generally more variable than those for 
ophichthids, although a similar pattern of negative anomalies during the latter part of the 
time series was observed for the Fall Neuston data (Figure 1.12). This pattern was 
somewhat evident in the Fall Bongo data, but lower in magnitude and more variable. For 
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the Spring Surveys, significant and positive correlations were found between Spring 
Bongo Abundance and Occurrence and Spring Neuston Abundance and Occurrence, but 
not across gear Abundance and Occurrence combinations (Table 1.2; Figure A.4). In 
general, Spring Bongo Abundance and Occurrence were relatively low during the latter 
part of the time series (2010-2014), while the opposite trend was observed in the Spring 
Neuston Abundance and Occurrence data (i.e., relatively high abundances during 2003-
2014). Similar to ophichthids, the magnitudes of change in positive and negative 
anomalies for the spring survey time series were much lower (Figures 1.12 and 1.13), 
owing to the considerably fewer number of leptocephali collected during spring surveys 
relative to the fall surveys. Unlike ophichthids, most adult congrid eels in the Gulf of 
Mexico inhabit demersal habitats in waters that exceed 200 m (McEachran 2009). 
Although it is difficult to untangle the spatial and temporal components of the SEAMAP 
sampling effort, it may be likely that the observed patterns for congrid leptocephali are a 
result of spawning seasonality, given the large number of leptocephali collected in the fall 
(and inshore).  
Similar to ophichthids and congrids, trends in muraenid Fall Bongo Abundance 
and Fall Bongo Occurrence were positively and significantly correlated, as were trends in 
Fall Neuston Abundance and Fall Neuston Occurrence (Table 1.2; Figure A.5). There 
were no significant correlations in observed trends across gear type, which suggests that 
interpretation of Muraenidae abundance, like congrids, is gear dependent. Most muraenid 
leptocephali were collected in neuston nets (79%) and during the Fall Surveys (90%) 
(Table 1), therefore Fall Neuston Abundance and Occurrence trends may be more 
representative of muraenid abundance and distribution patterns. In general, anomalies of 
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muraenid leptocephali abundance and occurrence during Fall Surveys were positive 
during the 1992-1997 period, and generally negative during the latter part of the time 
series (2009-2013) (Figure 1.14). Similar significant correlations were found between 
Spring Bongo Abundance and Occurrence and Spring Neuston Abundance and 
Occurrence (Table 1.2; Figure A.6). However the trends in the Spring Survey time series 
(which comprised a small portion of the total muraenid observations; Table 1.1) were 
contradictory with largely positive anomalies during the last half of the time series for 
bongo samples. The magnitudes of these anomalies, however, were much smaller than 
those during the Fall Survey (Figures 1.14 and 1.15). Most adult moray eels in the Gulf 
of Mexico inhabit shallow demersal habitats, often in water depths less than 100 m 
(McEachran 2009). Like ophichthids, although it is difficult to untangle the spatial and 
temporal components of the SEAMAP sampling effort, it may be likely that the observed 
patterns for muraenid leptocephali are a result of the spatial distribution of adults rather 
than spawning seasonality.  
Collectively, results of the long-term abundances and occurrences of ophichthids, 
congrids, and muraenids suggest that bongo samples from SEAMAP Fall Plankton 
Surveys have the most potential to provide fisheries-independent indicators of eel 
population dynamics. However, this conclusion comes with a few caveats. First, as 
mentioned above it is difficult to disentangle spatial and temporal patterns of abundance 
using SEAMAP Fall and Spring Survey data because they largely collect samples from 
different regions. One possible solution to this issue is to restrict the analysis to stations 
where the two surveys overlap in coverage (Criales et al. 2013). However, only 27 
plankton stations overlap between the fall and spring surveys (Figure 1.1). Of these 
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overlapping stations, only 12 SEAMAP plankton stations were included in the bongo net 
analyses, and 24 stations were included for the neuston net analyses for our 25-year time 
series, mostly along the edge of the 200 m isobath. Limiting the analyses to regions of 
overlap, therefore, would drastically reduce the number of available stations, and 
subsequently reduce the statistical power of analyses.  
Another potential complication in our analysis is the relatively long pelagic 
duration reported for many leptocephali (Miller 2009).  Depending on where spawning 
occurs in relation to strong currents such as the Loop Current or its gyres, these currents 
can have a major effect on the distribution of leptocephali (Miller 2009). As a result, 
areas of high abundance of leptocephali may not directly reflect residence locations of 
adult eels. Further, because some eels can spend months in the plankton as leptocephali, 
it is possible that some fall-collected larvae were spawned during the spring (and vice-
versa), which potentially confounds any analysis of spawning seasonality.  Using otolith 
microstructure analysis is one possible way to address these uncertainties. Age at time of 
collection can be used to estimate the time of spawning (Campana 1989). Likewise the 
age of a leptocephalus can be coupled with physical oceanographic models to "backtrack" 
the estimated location of spawning (Paris et al. 2013).  Unfortunately, several authors 
have reported difficulties with reading anguilliform leptocephalus otoliths, specifically 
with individuals that are approaching metamorphosis (Otake et al. 1997, Mochioka et al. 
1989, Correia et al. 2004). These problems could be caused by calcium reabsorption of 
the otolith as the leptocephalus goes through metamorphosis (Cieri and Mcleave 2000) or 
by a period of very slow growth making daily rings indistinguishable (Correia et al. 
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2004). Specifically for my study, most SEAMAP samples were preserved at sea in 
formalin, which negates the use of otolith analyses for these specimens.    
A third caveat regarding my analyses is that all data were grouped at the family 
level, due to the large investment of time and difficulties in identifying fish larvae, as 
well as taxonomic inconsistencies in identifications over time. Analyses using family-
level identifications are not ideal when looking at impacts on the biodiversity of 
ichthyoplankton. For example, in this study when considering families such as 
Ophichthidae and Congridae that have more than 20 species native to the study area, 
grouping larvae by family could have a homogenizing effect on diversity indices 
(Hernandez et al. 2013).  Alternatively, family-level ichthyoplankton data have been 
shown to be useful for observing changes in seasonal and interannual patterns of larval 
fish abundance (Hernandez et al. 2013). Therefore the family-level analysis presented 
here likely provides a useful indicator for identifying temporal trends in leptocephalus 
abundances and distributions in the Gulf of Mexico.  
Given the caveats above, it is interesting that the patterns for ophichthids, 
congrids and muraenids were similar with respect to the recent decreases in abundance 
and occurrence of leptocephali in the Fall Surveys from approximately 2009-2014, 
particularly for muraenids and ophichthids. Although the adult stages from these families 
inhabit a wide variety of habitats, the larvae are collectively part of the plankton, and are 
therefore regulated by the same biological, physical and anthropogenic factors. The 
overall similarity in patterns for these leptocephali that collectively comprise 74% of all 
specimens suggest that large scale processes may drive patterns in the abundance and 
occurrence interannual variability. Such relationships have been found in previous time 
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series analyses of ichthyoplankton data. For example, Muhling et al. (2012) examined 
ichthyoplankton abundances from SEAMAP plankton surveys (1984-2008 period, 
excluding anguilliforms), and found that variables such as sea surface temperature, 
Mississippi River discharge, the spatial extent of the Louisiana hypoxic zone, and 
trawling effort were correlated with abundances for some families of fishes. Of these 
factors, hypoxia and trawling are likely to have the most impact on adult eels that inhabit 
shallow coastal and shelf waters, although the direction of impact for demersal species is 
not always predictable. Muhling et al. (2012) suggested that recent declines in shrimp 
trawling in the northern Gulf of Mexico may explain the increased abundances of 
sciaenid larvae in their SEAMAP time series analyses, because adult abundances have 
increased due to reduced bycatch from trawling effort. However the same patterns were 
not observed for flatfishes such as bothids and cynoglossids. Seasonally occurring 
hypoxia off the coast of Louisiana effectively renders large areas of benthic habitats 
unsuitable for fishes and other demersal organisms (Chesney et al. 2000). As with 
trawling, any impacts to adult habitats, whether positive or negative, have the potential to 
impact reproductive output of spawning adults, and thus the abundances of leptocephali. 
A suggestion for future work is to combine our time series of abundance and occurrence 
observations with available climatic and oceanographic data to explore relationships 
between environmental drivers and leptocephali abundance and distribution. 
The life history of many species of eels and their leptocephali remains a mystery 
(Miller and Tsukamoto 2004), and information about leptocephali taxonomic diversity, 
assemblage, and distribution can help add to our understanding of their ecological role in 
the ocean. Although not designed to monitor populations of non-target species, plankton 
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surveys such as those supported by SEAMAP are among the few sources of information 
available that allow for the analysis of long-term trends in larval fish abundance and 
distribution.  Analyses like those conducted in my study are important as they can serve 
as a baseline for comparison after anthropogenic events (e.g., Deepwater Horizon oil 
spill), natural disturbances (e.g., hurricanes), and variability related to climate change 
(e.g., rising water temperature). Plankton surveys are perhaps the only means of 
monitoring populations of fishes such as eels, which are cryptic in their behavior and 
difficult to sample with conventional sampling gear. Indeed there are species of eels, 
most likely deep water inhabitants, known only from their leptocephalus stages collected 
in plankton surveys (Quattrini et al. 2019). Therefore from a marine biodiversity 
perspective, our knowledge of anguilliform eel distribution, life history, and ecology is 
greatly enhanced through studies of leptocephalus stages. 
 
  
 
Figure 1.1  Southeast Area Monitoring and Assessment Program (SEAMAP) plankton stations  
Stations sampled during Fall (triangles), Spring (circles), and both Fall and Spring (stars) surveys. Note fall survey stations are 
generally within the 200 m contour and spring survey stations are generally beyond the 200 m contour. Relatively few stations (n=27) 
are sampled during both surveys. 
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Table 1.1 Leptocephalus totals by family  
Total number (No.) of leptocephali and number of leptocephali occurrences (Occ.) in bongo 
net and neuston net samples collected during SEAMAP Spring and Fall Plankton Surveys 
(1990-2014).  
 
Total 
(n=8280) 
 
Sampling Gear 
 
SEAMAP Survey 
 
 Bongo 
(n=3549) 
 Neuston 
(n=4731) 
 Spring 
(n=3262) 
 Fall 
(n=5018) 
Taxon Occ. No. 
 
Occ. No. 
 
Occ. No. 
 
Occ. No. 
 
Occ. No. 
               
Anguilliformes               
  Unidentified 1009 3903  869 3652  140 251  136 278  873 3625 
Anguillidae               
  Unidentified 2 3  0 0  2 3  2 3  0 0 
Chlopsidae               
   Kaupichthys  
    hyoproroides 1 1 
 
1 1 
 
0 0 
 
1 1 
 
0 0 
  Unidentified 2 2  2 2  0 0  2 2  0 0 
Congridae               
   Unidentified 1285 3613  1002 2907  283 706  245 312  1040 3301 
Moringuidae               
   Neoconger  
    mucronatus 1 1 
 
1 1 
 
0 0 
 
0 0 
 
1 1 
  Unidentified 66 460  58 447  8 13  6 6  60 454 
Muraenesocidae               
   Unidentified 6 6  6 6  0 0  6 6  0 0 
Muraenidae               
   Unidentified 518 1110  177 231  341 879  84 106  434 1004 
Nemichthyidae               
   Unidentified 11 11  8 8  3 3  11 11  0 0 
Nettastomatidae               
   Unidentified 452 851  442 839  10 12  200 319  252 532 
Ophichthidae               
   Ahlia egmontis 26 37  6 6  20 31  22 30  4 7 
   Aplatophis  
    chauliodus 45 70 
 
36 55 
 
9 15 
 
5 5 
 
40 65 
   Callechelys muraena 39 55  28 39  11 16  3 3  36 52 
   C. guineensis 9 9  8 8  1 1  0 0  9 9 
   Letharchus aliculatus 28 31  19 20  9 11  4 5  24 26 
   L. velifer 36 131  25 38  11 93  0 0  36 131 
   Myrophis punctatus 50 169  27 129  23 40  13 28  37 141 
   Ophichthus gomesii 740 2824  433 1105  307 1719  54 90  686 2734 
   O. melanoporus 28 31  22 25  6 6  1 1  27 30 
   O. rex 134 185  98 140  36 45  17 20  117 165 
   Phaenomonas  
    longissima 86 279 
 
64 103 
 
22 176 
 
4 4 
 
82 275 
   Pseudomyrophis  
    fugesae 154 243 
 
139 228 
 
15 15 
 
23 26 
 
131 217 
   Unidentified 1661 6047  1258 4608  403 1439  159 259  1502 5788 
Synaphobranchidae               
   Dysomma anguillare 3 3  3 3  0 0  3 3  0 0 
   Unidentified 14 17  14 17  0 0  10 13  4 4 
               
Total 6406 20092  4746 14618  1660 5474  1011 1531  5395 18561 
               
 
  
 
Figure 1.2 Number of years SEAMAP stations were sampled  
Number of bongo net and neuston net samples collected during SEAMAP Fall and Spring Plankton cruises during the 1990-2014 time 
series. Bold numbers denote stations meeting the threshold of being sampled during at least half of the time series (≥13 years), and 
therefore included in the analysis. 
 
  
 
Figure 1.3 Families Anguillidae, Chlopsidae, and Muraenesocidae 
Mean abundance of leptocephali under 10m2 water (bongo net) and mean abundance of larvae per 10 minute tow (neuston net) for 
families Anguillidae, Chlopsidae and Muraenesocidae collected from stations in the SEAMAP study area during SEAMAP Spring 
surveys (1990-2014).  
  
 
Figure 1.4  Families Nemichthyidae and Synaphobranchidae 
Mean abundance of leptocephali under 10m2 water (bongo net) and mean abundance of larvae per 10 minute tow (neuston net) for 
families Nemichthyidae and Synaphobranchidae collected from stations in the SEAMAP study area during SEAMAP Spring 
(Nemichthyidae, Synaphobranchidae) and Fall (Synaphobranchidae) surveys (1990-2014). 
  
 
Figure 1.5 Family Congridae 
Mean abundance of leptocephali under 10m2 water (bongo net) and mean abundance of larvae per 10 minute tow (neuston net) for 
Family Congridae collected from stations in the SEAMAP study area during SEAMAP Spring and Fall surveys (1990-2014). 
  
 
Figure 1.6 Family Moringuidae 
Mean abundance of leptocephali under 10m2 water (bongo net) and mean abundance of larvae per 10 minute tow (neuston net) for 
Family Moringuidae collected from stations in the SEAMAP study area during SEAMAP Spring and Fall surveys (1990-2014). 
  
 
Figure 1.7 Family Muraenidae 
Mean abundance of leptocephali under 10m2 water (bongo net) and mean abundance of larvae per 10 minute tow (neuston net) for 
Family Muraenidae collected from stations in the SEAMAP study area during SEAMAP Spring and Fall surveys (1990-2014).  
 
  
 
Figure 1.8 Family Nettastomatidae 
Mean abundance of leptocephali under 10m2 water (bongo net) and mean abundance of larvae per 10 minute tow (neuston net) for 
Family Nettastomatidae collected from stations in the SEAMAP study area during SEAMAP Spring and Fall surveys (1990-2014). 
  
 
Figure 1.9 Family Ophichthidae 
Mean abundance of leptocephali under 10m2 water (bongo net) and mean abundance of larvae per 10 minute tow (neuston net) for 
Family Ophichthidae collected from stations in the SEAMAP study area during SEAMAP Spring and Fall surveys (1990-2014). 
  
Table 1.2 Correlations of abundance and occurrence 
 
Spearman's rank correlation coefficients (in red above the diagonal) and associated p-values (in black below the diagonal) for pairs 
of time series (1990-2014) anomalies of leptocephalus abundance and percent occurrence for SEAMAP Spring and Fall Plankton 
Surveys. Statistically significant (p<0.05) correlations are highlighted in bold. Oc=Occurrence; Ab=Abundance; B=bongo net; 
N=Neuston Net. 
                 
SPRING SURVEY 
                 
Congridae  Muraenidae  Ophichthidae 
         
 AbB OcB AbN OcN   AbB OcB AbN OcN   AbB OcB AbN OcN 
AbB - 0.864 -0.044 -0.052  AbB - 0.858 0.054 -0.149  AbB - 0.759 0.504 0.554 
OcB 0.000 - -0.059 -0.058  OcB 0.000 - -0.089 -0.281  OcB 0.000 - 0.487 0.560 
AbN 0.835 0.778 - 0.921  AbN 0.798 0.673 - 0.865  AbN 0.010 0.013 - 0.893 
OcN 0.807 0.782 0.000 -  OcN 0.477 0.173 0.000 -  OcN 0.004 0.003 0.000 - 
                 
 
FALL SURVEY 
                 
Congridae  Muraenidae  Ophichthidae 
         
 AbB OcB AbN OcN   AbB OcB AbN OcN   AbB OcB AbN OcN 
AbB - 0.511 0.050 0.021  AbB - 0.930 0.319 0.174  AbB - 0.675 0.564 0.632 
OcB 0.009 - -0.103 -0.060  OcB 0.000 - 0.392 0.269  OcB 0.000 - 0.584 0.682 
AbN 0.812 0.624 - 0.672  AbN 0.120 0.052 - 0.912  AbN 0.003 0.002 - 0.672 
OcN 0.921 0.774 0.000 -  OcN 0.407 0.194 0.000 -  OcN 0.001 0.000 0.000 - 
                 
  
 
Figure 1.10 Family Ophichthidae Fall abundance and percent occurrence  
Time series (1990-2014) anomalies of Ophichthidae leptocephalus abundance and percent occurrence for SEAMAP Fall Plankton 
Survey bongo net and neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 
min), as well as percent occurrence for each gear type (%) were scaled against the time series mean. No data (nd) were available for 
2005. 
  
\  
Figure 1.11 Family Ophichthidae Spring abundance and percent occurrence 
Time series (1990-2014) anomalies of Ophichthidae leptocephalus abundance and percent occurrence for SEAMAP Spring Plankton 
Survey bongo net and neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 
min), as well as percent occurrence for each gear type (%) were scaled against the time series mean.  
  
 
Figure 1.12 Family Congridae Fall abundance and occurrence 
Time series (1990-2014) anomalies of Congridae leptocephalus abundance and percent occurrence for SEAMAP Fall Plankton Survey 
bongo net and neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 min), as 
well as percent occurrence for each gear type (%) were scaled against the time series mean. No data (nd) were available for 2005. 
  
 
Figure 1.13 Family Congridae Spring abundance and occurrence 
Time series (1990-2014) anomalies of Congridae leptocephalus abundance and percent occurrence for SEAMAP Spring Plankton 
Survey bongo net and neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 
min), as well as percent occurrence for each gear type (%) were scaled against the time series mean.  
  
 
Figure 1.14 Family Muraenidae Fall abundance and occurrence 
Time series (1990-2014) anomalies of Muraenidae leptocephalus abundance and percent occurrence for SEAMAP Fall Plankton 
Survey bongo net and neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 
min), as well as percent occurrence for each gear type (%) were scaled against the time series mean. No data (nd) were available for 
2005. 
  
 
Figure 1.15 Family Muraenidae Spring abundance and occurrence 
Time series (1990-2014) anomalies of Muraenidae leptocephalus abundance and percent occurrence for SEAMAP Spring Plankton 
Survey bongo net and neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 
min), as well as percent occurrence for each gear type (%) were scaled against the time series mean.  
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CHAPTER 2 – SPACIAL AND TAXONOMIC VARIABILITY IN STABLE ISOTOPE 
COMPOSITIONS OF ANGUILLIFORM LEPTOCEPHALI IN THE NORTHERN 
GULF OF MEXICO 
2.1 Introduction 
 The leptocephalus larvae of "true eels" (Anguilliformes) are distributed 
worldwide from tropical to lower-temperate latitudes, and are generally found in the 
epipelagic regions of the ocean. (Miller 2009). In addition to eels, the only other taxa to 
share this unique larval form are members of the superorder Elopomorpha, which 
includes bonefishes (Albuliformes), ladyfishes (Elopiformes), and tarpons (Elopiformes) 
(Inuoe et al. 2004). Of the 15 anguilliform families, 12 have be found in the Gulf of 
Mexico: Anguillidae, Moringuidae, Chlopsidae, Muraenidae, Muraenesocidae, 
Synaphobranchidae, Ophichthidae, Colocongridae, Nemichthyidae, Congridae, 
Nettastomatidae, and Serrivomeridae (Böhlke 1989a). Leptocephali are planktonic, 
therefore the locations of spawning adults largely determine the initial distributions of 
larvae. Spawning locations vary from shallow water regions to areas offshore depending 
on the life history of each species (Miller 2009). Despite being ubiquitous members of 
planktonic assemblages, relatively little is known about biology and ecology of 
leptocephali, particularly their feeding ecology and role in pelagic food webs (Miller 
2009; Feunteun et al. 2015). 
 Leptocephali can remain in the open ocean for many months, but how they 
achieve their nutritional requirements during that time is largely unknown. For many 
years their food source was a mystery because no visibly identifiable food items were 
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found in the gut (Miller 2009; Miller et al. 2011).  Without any evidence of organisms in 
leptocephalus guts, and given the thin epidermis, the prevailing hypothesis was that 
leptocephali absorbed dissolved organic carbon (DOC) through the epidermis to meet 
their nutritional requirements (Hulet 1978; Hulet and Robbins 1989; Pfeiler 1986). 
Several studies provided support for this hypothesis. For example, in a study comparing 
the stable isotope ratios of anguilliform leptocephali and other food web components, 
Feunteun et al. (2015) found leptocephali to have lower δ15N values, and hence occupy a 
lower trophic level than fish, cephalopods, chaetognaths, and some copepods. Also, 
Otake et al. (1993) examined the gut contents of pre-metamorphic leptocephali in 
addition to measuring the nitrogen stable isotope values of the leptocephali, POM, and 
other organisms collected in the Seto Inland Sea, Japan.  The δ15N values of the 
leptocephali collected were lower than those of the POM (11.1‰ compared to 11.9‰ of 
POM), which suggests that the leptocephali could be feeding on DOC in addition to the 
food found in their guts.   
 However, the DOC epidermal feeding hypothesis has been challenged through a 
variety of evidence. Visually identifying food items in the gut is difficult because they 
can be partially digested and unrecognizable, but molecular barcoding of short DNA 
strands may be used to detect exactly which species are present in a digestive tract (King 
et al. 2008).  One such study conducted on leptocephali from the Sargasso Sea identified 
previously unknown food items such as chaetognaths, crustaceans, and cnidarians 
(Riemann et al. 2010).  Although this study reported a range of species, it did not 
determine how these "prey" were ingested and which of these taxa might become 
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digested and assimilated in the intestinal tract (Feunteun et al. 2015). In addition, 
anguillid leptocephali have been observed eating rotifers offered to them in the laboratory 
(Tanaka et al. 1995), and rotifers and ciliates were photographed in the alimentary canal 
of Myrophis spp. leptocephali (Govoni 2010).  Further, gut contents of leptocephali 
collected near Japan contained fecal pellets, detrital aggregates, and larvacean 
(appendicularian) houses (Otake et al. 1993; Mochioka and Iwamazu 1996). Leptocephali 
were also successfully reared in a laboratory where they were observed feeding and 
growing when fed a diet slurry composed of shark eggs (Tanaka et al. 2001). Combined, 
these findings suggest that leptocephali do not exclusive utilize DOC as a food source as 
previously hypothesized (Miller et al. 2011). 
 Other examinations of leptocephali gut contents for food particles (Otake et al. 
1993; Mochioka and Iwamazu 1996) and stable isotope analysis of leptocephalus body 
tissue (Otake et al. 1993; Miyaka et al. 2011) have provided evidence supporting the 
hypothesis that leptocephali feed on particulate organic matter (POM).  For example, 
leptocephali may selectively target larvacean houses as a food source, as they have been 
observed in the gut contents of several species of leptocephalus larvae (Mochioka and 
Iwamazu 1996).  Marine snow is ubiquitous in the ocean, and gelantinous larvacean 
houses are a component of these macroscopic marine aggregates (Alldredge and Silver 
1988).  Appendicularians discard their houses multiple times a day when their filters 
become clogged with phytoplankton and organic matter, which makes the discarded 
houses an abundant and concentrated energy source for planktivorous fish and 
zooplankton grazers such as copepods and euphousiid larvae (Alldredge 1976). Overall, 
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uncertainty remains about the feeding ecology of leptocephali because the findings in the 
previous studies are sometimes conflicting and vary by taxa and region (Feunteun et al. 
2015).   
 The goal of this  study is to examine the trophic ecology of anguilliform 
leptocephali collected in the Gulf of Mexico using stable isotope values of carbon and 
nitrogen (δ13C and δ15N) which were quantified for leptocephali (12 taxa from four 
different families), POM and size-fractionated zooplankton aliquots collected from the 
same sampling stations. Patterns in stable isotope values are described relative to taxon, 
size, and spatial distribution, and results are compared with previous studies from the 
Gulf of Mexico and other regions to provide a broader context regarding the feeding 
ecology of leptocephali.  
2.2 Materials and Methods 
2.2.1 Collection of leptocephali, mesozooplankton, and POM 
 Leptocephali, zooplankton, and POM samples for this project were collected with 
the cooperation of the NOAA Southeast Fisheries Science Center's Southeast Area 
Monitoring and Assessment Program (SEAMAP). The NOAA SEAMAP has collected 
plankton samples across the northern Gulf of Mexico since 1982 from stations located at 
30 nautical mile intervals in a grid pattern across the northern Gulf of Mexico (Figure 
II.1) (Lyczkowski-Shultz and Hanisko 2007). Plankton samples were collected during the 
2016 Fall Plankton Survey (between September 2 and October 1, 2016) with a bongo net 
sampler (61 cm diameter; 333 um mesh) towed in a double oblique path down to a depth 
of 200 m or to within 2-5 m above the bottom waters less than 200 m (Lyczkowski-
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Shultz et al. 2013). Leptocephalus larvae were opportunistically removed from bongo net 
samples at sea, placed into individual cryovials, and frozen in liquid nitrogen for later 
processing in the lab. The remaining zooplankton from each bongo net sample were 
fractionated by size using a series of stacked sieves (4.75 mm, 2.0 mm, 1.0 mm, 0.505 
mm, and 0.212 mm). A portion of each size fraction was haphazardly removed from each 
sieve, placed into individual cryovials, and frozen in liquid nitrogen. Lastly, to collect 
POM from each station where leptocephali were collected, water samples were collected 
from near-surface and near-bottom (or 200 m depth) waters using a rosette sampler.  
Water was vacuum-filtered through a 25-mm GF/F filter yielding one filter for surface 
water and one filter for bottom water from each sampling location.  The volume of water 
filtered for each sample was recorded, and each filter was placed in a petri dish and 
stored in the freezer. 
2.2.2 Stable isotope analyses 
   Prior to processing, leptocephali were thawed and identified to the lowest possible 
level using taxonomic keys in Böhlke (1989b) and Fahay (2007). Each leptocephalus was 
measured to the nearest 1.0 mm and imaged using a microscope-imaging system. The 
heads were removed and preserved in 95% ethanol for later otolith analysis. The guts 
were also removed (to avoid confounding effects of prey items) and preserved in 95% 
pure ethanol. Leptocephalus specimens were freeze dried whole, and then a portion large 
enough to yield a 300-600 μg sample was removed and placed in a tin capsule for 
processing.  Zooplankton samples were freeze dried and then placed in 15 ml centrifuge 
tubes.  Each sample was resuspended in10% HCl to remove carbonates and then spun 
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down in a centrifuge into a pellet.  After the acid rinse, the samples were rinsed with 
deionized water three times and centrifuged back into a pellet between rinses. The 
samples were oven dried (60 °C) and weighed (400-800 μg) in a tin capsule for 
processing.  Water sample filters were oven dried (60 °C) and then placed in an acid 
fume bath (concentrated HCl) for 24 hours to remove carbonates. 
 Leptocephalus larvae, zooplankton, and POM samples were analyzed for δ13C and 
δ15N with a Thermo Delta V Advantage stable isotope ratio mass spectrometer coupled to 
a Costech 4010 elemental analyzer via a ThermoConflo IV interface.  The stable carbon 
and nitrogen isotope values are reported in del notation (‰):  
δ13C or δ15N (‰) = (Rsample /Rstandard)-1×103 
where R is δ13C: δ12C or δ15N: δ14N. Isotopic values are reported relative to international 
standards VPDB (Vienna PeeDee Belemnite) for carbon and atmospheric nitrogen 
standards for nitrogen (D’Ambra et al. 2015).  All of the δ13C and δ15N samples were 
analyzed in duplicate with the exception of three leptocephalus samples and four 
zooplankton samples in which there was a limited amount of sample material.  The POM 
samples were analyzed using one filter from the surface water and one filter from the 
bottom water. For leptocephalus samples, variation (standard deviation) in isotopic 
measurements ranged from 0.004 to 1.953 for δ13C and 0.006 to 1.787 for δ15N. For POM 
variation in isotope measurements ranged from 0.133 to 3.106 for δ13C and 0.247 to 
4.914 for δ15N.  For zooplankton variation in isotopic measurements ranged from 0.001 
to 1.628 for δ13C and 0.001 to 2.500 for δ15N. 
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 The average of the isotope ratios for all leptocephalus samples, the five 
zooplankton size fractions, and the POM were analyzed using IsoSource statistical 
software to examine the possible composition of leptocephalus diet. The IsoSource output 
provided estimated percentages of diet composition for each of the six diet sources (five 
zooplankton size classes and POM).  Each source was corrected for trophic enrichment 
factor; in oceanic food webs, organisms are generally enriched by 1.1‰ or less per 
trophic level in C (France and Peters 1997; Minagawa and Wada 1984) and 3.4‰ in N 
(Vanderzanden et al. 1999; Minagawa and Wada 1984; Post et al. 2002). The IsoSource 
analysis was run using increments of 1.0 %, a tolerance of 1.9 ‰, and the mean values 
across all collection stations for leptocephalus and food sources.  IsoSource was also run 
individually for each collection station using the mean isotope values from each station. 
Mantel tests were used to test the significance of geographic variation in δ13C and δ15N 
stable isotope values of leptocephali, POM, and the zooplankton size fractions identified 
as having the largest percent contribution in IsoSource.  The analysis used the coordinates 
of the sampling stations and the mean leptocephalus, zooplankton, and POM δ13C and 
δ15N values for each station. Similarities were measured by Euclidian distance. 
Zooplankton and POM samples were collected at each location where 
leptocephalus larvae were collected, allowing for direct comparisons of the stable isotope 
ratios of leptocephali and potential food sources. To examine variability among stations, 
isotope values for leptocephali were plotted against the stable isotope ratios of 
zooplankton (using the size fraction with the highest contribution from IsoSource) and 
POM from the corresponding collection station. Similarly, zooplankton isotope values 
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were plotted against those for POM from each station.  Correlation analyses were used to 
examine relationships between each set of variable pairings. Significant and positive 
correlations between the variables would indicate that changes in baseline stable isotope 
composition are reflected in the higher trophic levels. Pearson’s correlation coefficients 
were calculated, and p-values were adjusted using Bonferroni correction to protect from 
familywise Type I error.   
2.3 Results 
 In total, 33 leptocephali from four anguilliform families were collected during this 
study (Table 2.1). Of these, 28 specimens were identified to species, three were identified 
to the genus level, and two specimens were identified as a species complex. Most 
leptocephali were from family Ophichthidae (n=26), which also included the most 
species (n=10). Families Congridae and Nettastomatidae were each represented by three 
specimens, and the family Muraenidae was represented by one specimen. Of the 26 
ophichthids collected, 15 were Ophichthus gomesii collected at nine different sampling 
stations, making it the most common and widely dispersed species in this study. Overall, 
the leptocephali collected ranged in size from 28-89 mm. 
 Stable isotope values for many of the leptocephalus species showed variation in 
the ranges of both nitrogen and carbon isotopic ratios (Figure 2.2). Overall, δ15N ranged 
from 2.2 ‰ to 11.3 ‰, and δ13C ranged from -19.3 ‰ to -23.4 ‰. The mean isotopic 
ratios of leptocephalus were δ15N 7.2 ‰ ± 2.1 and δ13C -21.3 ‰ ± 1.1. Ahlia egmontis 
(n=2) had the largest range in δ15N values (2.2‰ and 8.8‰), and Ophichthus gomesii 
(n=15) had the largest range in δ13C values (-19.7‰ to -23.4‰‰).  Echiophis punctifer 
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had a δ15N value that was 1.45‰ higher than any other species, while its δ13C (-20.97‰) 
value was near the mean for all individuals. Values of δ13C and δ15N showed large 
variability across size ranges (Figure 2.3) and there was no significant correlation 
between leptocephalus length and isotope values (Pearson Correlation: p=0.645 and 
0.104, respectively). In general, leptocephali between 40-80 mm have a trend of 
increasing δ15N with length; in contrast, there was a cluster of smaller leptocephali 
between 25-35 mm with high δ15N values, and two larger leptocephali between 85-90 
mm with the lowest δ15N values.  In general, leptocephali have a similar pattern of 
increasing δ13C with size, although the isotopic values were highly variable, especially 
within the 45-75 mm size range. In general, the mean δ15N ratios of zooplankton 
increased as the zooplankton size fraction increased. When examined as a group, 
Ophichthus gomesii leptocephali (n=15) showed no significant correlation between TL 
and δ13C or δ15N values (Pearson Correlation: p=0.628 and 0.620, respectively). 
The 1.0 mm zooplankton size fraction had the highest δ15N ratio (7.60‰ ± 2.1) 
and the 0.212 mm zooplankton size fraction had the lowest (6.40 ± 2.1). The POM had a 
mean δ15N value of 4.78 ‰ ± 2.0 and a mean δ13C value of -26.60 ‰ ± 1.9.  The mean 
values for leptocephali fell within the range of the zooplankton samples for both δ13C and 
δ15N. The POM samples had a lower δ15N (4.8 ‰ ± 2.0) than the leptocephalus and 
zooplankton samples, and they had a much more depleted δ13C (-26.6 ‰ ± 1.1) than all 
other samples. The δ15N ratios showed a general trend of increasing for the leptocephalus 
samples as it also increased for the zooplankton (r=0.79) and POM (r=0.67) (Figure 2.4).  
The δ15N ratios of zooplankton and POM were the most highly correlated (r=0.9), and all 
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correlations between δ15N were significant (p<0.001).  The δ13C was more variable and 
showed no significant trends (p>0.05) in relation to leptocephalus compared to POM and 
zooplankton or zooplankton compared to POM. 
 To place these results in the context of previous plankton work in the region, 
average stable isotope ratios of leptocephalus, POM, and zooplankton size fractions from 
this study were plotted with published planktonic predator and prey species from the Gulf 
of Mexico (Figure 2.5). Aurelia sp, Spanish mackerel larvae, and mesozooplankton were 
at least one trophic level higher in δ15N than the leptocephali. Small zooplankton, 
Panaeus sp, oceanic zooplankton, and the zooplankton from this study had a similar δ15N 
range to the leptocephali.  
 The results of the diet composition (IsoSource) analysis using the mean values for 
all collection stations suggest that POM, 0.505 mm and 0.212 mm zooplankton size 
fractions make up 51%, 17% and 15% of leptocephalus diets, respectfully. Larger 
zooplankton size fractions (1 mm, 2 mm, 4.75 mm) individually contributed less than 
10% (Table 2.2). Diet composition results by station were largely similar, with the 
highest percent of the diet composition from POM (Table 2.2, Table A.4), with the 
exception of one station (B226L) where the leptocephalus had a lower δ15N than the 
POM (IsoSource did not return a result).  Spatially, the δ13C and δ15N stable isotope 
values varied among sampling stations (Tables A.1-A.3).  When examining differences in 
isotope values by station, two groups of SEAMAP stations had more enriched δ15N 
values for leptocephalus, zooplankton, and POM (Figures 2.6-2.8 and A.8). One group 
consisted of five stations located off the panhandle of Florida, and the other group 
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included five stations close to the Texas coast. The stations with the most depleted δ13C 
values were within these 2 groups but did not include all of stations in the 2 groups 
(Figures 2.6-2.8 and A.7).  Mantel test results indicated that the geographically different 
collection sites had more different isotope ratios for leptocephalus and zooplankton 
(p<0.05) than geographically similar sites.  The results of the mantel test for POM were 
less significant (p=0.065). 
2.4 Discussion 
  The results of my study support previous findings (e.g., Otake and Mochioka 
(1994), Feunteun et al. 2015) regarding the hypothesis that anguilliform leptocephalus 
larvae in the northern Gulf of Mexico consume POM as a major food source.  The mean 
δ15N value for leptocephali was 2.5 ‰ higher than POM, 0.8 ‰ higher than 0.212 mm 
mesh zooplankton, and within 1 ‰ of all zooplankton.  These results, combined with the 
results from the IsoSource diet composition analysis, indicate that the leptocephali 
collected in my study relied on POM as their primary food source, and small zooplankton 
fractions as a secondary food source (Table A.1-A.3). Further, leptocephalus isotope 
values did not correlate with size, but instead correlated with POM and zooplankton 
collected at the same locations. This result suggests that spatial variability in nutrient 
inputs and other localized environmental factors play important roles in the interpretation 
of leptocephalus diets. 
 For leptocephali, there may be several advantages in utilizing marine snow as a 
food source. First, POM and marine snow are consistently present in the ocean 
(Alldredge and Silver 1988) and could make an abundantly available food source for 
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leptocephali.  Marine snow is the product of aggregation of small particles such as 
phytoplankton, fecal pellets, bacteria, and organic detritus (Alldredge and Silver 1988).  
Marine snow aggregates are nutrient-rich patches in the ocean’s sometimes nutrient-
depleted surface waters (Shanks and Trent 1979) and therefore could make an excellent 
food source for planktonic larvae.  Zooplankton are also extensively associated with 
marine snow (Kiørboe 2000) including polychaeta larvae (Bochdansky and Herndl 1992), 
copepods (Steinberg 1995), euphausiids (Dilling et al. 1998), ostracods, and amphipods 
(Lampitt et al. 1993).  In addition to consuming POM and marine snow, leptocephali 
could take advantage of small zooplankton attracted to these aggerates as an additional 
food source.  Marine snow can comprise up to 63% of the total particulate organic carbon 
in surface waters (Alldredge and Silver 1988), so competition for this resource should not 
be a limiting factor in food web dynamics. 
The geographic variability in leptocephalus isotope ratios and their significant, 
positive correlations with POM and zooplankton suggest that baseline POM and marine 
snow composition is variable at different locations across the gulf. The δ15N in POM can 
be affected by terrestrial sources of enriched nitrogen transported by rivers, nitrogen 
derived from diazotrophy in oceanic environments (Dorado et al. 2012), and microbial 
consumption as the particles move down the water column (Mintenbeck et al. 2007, 
Saino and Hattori 1980).  Terrestrially derived organic matter from freshwater input can 
result in more depleted δ13C values of POM (Miller et al. 2013). In comparison, the δ15N 
values (2.2 to 11.3 ‰) of leptocephali collected in this study were slightly more enriched 
than those collected Quattrini et al. (2019) in a survey of leptocephali collected in the 
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northern and eastern Gulf of Mexico. These authors found that overall the δ15N for 
leptocephali from their furthest inshore station (ca. 350 m depth) was more enriched than 
the other stations that were located in deeper waters offshore (ca. 530-1400 m depth). All 
of the SEAMAP stations where leptocephali were collected were within the 200 m depth 
contour, therefore the proximity to freshwater and nutrient inputs may explain the slightly 
higher δ15N in my study.  
Two proposed explanations for variations in leptocephalus isotope values are that 
individuals could have originated from areas with different isotopic values than in those 
in the collection location (Miyazaki et al. 2011) and that individuals may be feeding on 
items from different depths of the water column that have contrasting isotopic values 
(Feunteun et al. 2015).  Leptocephali have a long larval duration (Miller 2009), so it is 
plausible that they would have traveled through different areas before being captured.  
The age of the leptocephali were not determined in my analysis, therefore I was not able 
to consider movement to different regions as an explanation of isotopic variation.  
Differences in the isotope ratios for leptocephali in the same region could be explained by 
leptocephali feeding at different depths (Miyazaki et al. 2011), as different species can 
have varying depth distributions (Miller 2009, Böhlke 1989b).  Composition of POM and 
its stable isotope values can change with depth (Mitenbeck et al. 2007, Saino and Hattori 
1980), and this could explain some variation between samples.  Leptocephalus have been 
observed migrating vertically in the water column (Schoth and Tesch 1984, Castonguay 
and McCleave 1987), and they may be consuming different assemblages of food items 
depending on their depth.  In my study the collection method (bongo net) sampled the 
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entire water column during each plankton tow, therefore the exact depth at which a 
specimen was collected cannot be determined.    
Larger leptocephali may be experiencing an ontogenetic shift in which they are 
able to migrate vertically to feed at deeper depths than smaller leptocephali, and we can 
look at a negative correlation of δ15N and δ13C with length as an indicator of this behavior 
(Miyazaki et al. 2011).  Leptocephali in my study showed no significant correlation 
between total length and δ13C.  While δ13C values of the leptocephali collected in my 
study (-19.3 to -23.4 ‰) fell within the range of those collected from the Gulf of Mexico 
by Quattrini et al. (2019), these authors found a negative correlation between size and 
δ13C of Paraconger caudilimbatus and Ariosoma balearicum.  Feunteun et al. (2015) also 
noted that Ariosoma (46-227mm TL) individuals demonstrated a decrease in δ13C values 
with size.  We did not collect any of those species or any leptocephali that were larger 
than 90mm in length.  My study also found no significant correlations between length 
and δ15N that might have indicated different sized individuals feeding on different sized 
POM items (Feunteun et al. 2015). 
The SEAMAP stations with the highest δ15N values were located relatively close 
to shore in areas of the gulf that are likely influenced by riverine inputs (Figures 2.6-2.8).  
Areas of the Gulf of Mexico that are heavily influenced by freshwater inputs, specifically 
the Mississippi River and Atchafalaya River systems, have been shown to have more 
enriched POM δ15N values than offshore regions (Dorado et al. 2012).  Some of the same 
stations that were highest in δ15N also had the most depleted δ13C values, which is to be 
expected as terrestrial carbon sources from rivers are more depleted.  The groupings of 
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similar carbon and nitrogen stable isotopes values for POM were more apparent when 
looking at the individual surface and bottom values rather than the mean station values 
(Figures A.7 and A.8). The SEAMAP stations that did not fall into the western gulf 
grouping of stations were located further offshore away from riverine influence.  The 
stations that did not fall into the eastern grouping were located either offshore or in the 
southern most area of SEAMAP stations where they were more likely to be influenced by 
the Loop current and its associated eddies. 
Many of the taxa collected in our study are relatively common and have been 
reported in previous ichthyoplankton studies (e.g., Hernandez et al. 2010, Quattrini et al. 
2019). An exception to this is the single Quassiremus ascensionis leptocephalus 
specimen collected off the southern coast of Florida. Quattrini et al. (2019) reported this 
species for the first time as a leptocephalus (57 mm length) in the Gulf of Mexico, 
however adults have not been reported in the Gulf of Mexico.  Their collection site was 
also off the coast of southern Florida but in deeper waters than my collection location.  
Adult Q. ascensionis are present in the Western North Atlantic from Bermuda to the 
Bahamas and through the Lesser Antilles to Brazil (Fahay 2007). Given the size of the 
specimen (48 mm), it is possible that it was transported into the Gulf of Mexico from the 
Caribbean Sea through the Yucatan Channel (Quattrini et al. 2019).  It is possible that 
more leptocephali originating from species native to the Caribbean Sea are present in 
SEAMAP samples, but aside from several common species, most anguilliform 
leptocephali are identified to family level.  Alternatively, with two relatively recent 
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reports, it may be possible that adult Q. ascensionis reside in the Gulf of Mexico and 
have yet to be discovered. 
In conclusion, my study examined the trophic ecology of leptocephali and 
observed variation in stable isotope values across different sampling locations in the 
northern Gulf of Mexico.  Collection of leptocephali, zooplankton, and POM from each 
sampling site provided the opportunity to analyze food sources that were available to 
leptocephali around the time of their collection and compare the stable isotope values of 
these food web components.  I found that leptocephali are utilizing POM and small 
zooplankton size classes as major components of their diet.  The significant correlations 
between leptocephalus, POM (marine snow) and small zooplankton (<0.505), as well as 
the absence of correlation between length and stable isotope values of leptocephali, 
shows that variations in leptocephalus isotope values are being driven by the geographic 
variability in these food sources.  This geographic variability of stable isotope values is 
likely in part influenced by freshwater input into the Gulf of Mexico by major river 
systems. These results further support the fact that leptocephali are an important part of 
oceanic POM cycling (Miller et al. 2013) and that leptocephalus ecology can potentially 
be affected by environmental changes in the ocean that influence POM composition. 
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Figure 2.1 Leptocephalus collection stations 
Locations of the SEAMAP Fall Plankton Survey stations in the northern Gulf of Mexico 
sampled during this study. Station names correspond to those in Table 1. Red star 
symbols indicate stations (n=16) where leptocephali were collected for this study.
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Table 2.1 Leptocephalus identification, total length, and collection station   
Leptocephalus specimens collected for this study during the 2016 SEAMAP Fall 
Plankton Survey. The number of specimens (n) collected, size range (TL, in mm), and 
SEAMAP stations where leptocephali were collected are provided for each taxon. 
SEAMAP station locations reported here correspond to the "B" stations in Figure 1. 
Family Taxon n 
Size Range 
(TL in mm) Stations 
Congridae Rhechias sp. 1 56 B169 
 
Rhynchoconger 
gracilior/guppyi 
2 31-35 B165 
Muraenidae Gymnothorax ocellatus 1 57 B226 
Nettastomatidae Hoplunnis macrura 2 28-77 B226 
 
Nettenchelys pygmaea 1 51 B225 
Ophichthidae Ahlia egmontis 2 69-89 B123, B222 
 
Bascanichthys 
scuticaris 
1 45 B155 
 
Bascanichthys sp. 1 51 B100 
 
Echiophis punctifer 1 62 B211 
 
Gnathophis sp. 1 46 B225 
 
Letharchus velifer 2 45-64 B099, B100 
 
Ophichthus gomesii 15 43-85 B100, B118, 
B141, B203, 
B211, B128, 
B225, B226, 
B319 
 
Ophichthus 
melanoporus 
1 63 B100 
 
Ophichthus punticeps 1 59 B223 
 
Quassiremus 
ascensionis 
1 48 B099 
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Figure 2.2 Leptocephalus stable isotope values by species 
Stable isotope ratios of C and N for individual leptocephalus specimens collected in this 
study. Symbols denote different taxonomic groups. 
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Figure 2.3 Leptocephalus stable isotope values by total length 
Stable isotope ratios of C and N plotted against the total length (mm) for individual 
leptocephalus specimens collected in this study.
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Figure 2.4 Leptocephalus, zooplankton, and POM isotope values plotted against each 
other  
δ15N and δ13C ratios of leptocephalus vs zooplankton (0.212 mm) size fraction, 
leptocephalus vs POM, and zooplankton (0.212 mm) size fraction vs POM.
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Figure 2.5 Leptocephalus, zooplankton, and POM isotope values plotted with other 
planktonic organisms 
δ15N and δ13C ratios of leptocephali, POM, and zooplankton size fractions (0.212 mm, 
0.506 mm, 1.0 mm, 2.0 mm, and 4.75 mm mesh ) from this study, along with published 
values for other planktonic organisms in Gulf of Mexico. Data for Aurelia spp., small 
plankton (<200 µm), and mesozooplankton (200-2000 µm) are from D’Ambra et al. 
(2014). Data for Spanish mackerel larvae are from Ransom et al. (2016). Data for 
Panaeus spp. and oceanic zooplankton are from Macko et al. (1984).
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Table 2.2 Mean leptocephalus diet contributions 
Mean IsoSource leptocephalus diet contributions for each station sampled and the 
average contributions with standard deviations across all sites. See appendix for 
maximum and minimum values. 
Station 4.75 mm 2.0 mm 1.0 mm 0.505 mm 0.212 mm POM 
B226R 0.05 0.04 0.04 0.5 0.08 0.29 
B222  0.03 0.04 0.13 0.16 0.65 
B223  0.3 0.27 0.21 0.17 0.05 
B218  0.08 0.07 0.1 0.12 0.64 
B211  0.04 0.04 0.04 0.1 0.79 
B203R 0.02 0.29 0.01 0.02 0.02 0.64 
B203L  0.02 0.01 0.06 0.07 0.85 
B319  0.01 0.01 0.14 0.18 0.66 
B169 0.16 0.04 0.07 0.08 0.12 0.53 
B165 0.16 0.09 0.16 0.13 0.17 0.25 
B141 0.04 0.01 0.1 0.11 0.14 0.52 
B155  0.08 0.01 0.11 0.22 0.65 
B118  0.13 0.06 0.16 0.24 0.47 
B099R  0.06 0.13 0.18 0.26 0.29 
B009L 0.07 0.01 0.08 0.11 0.17 0.51 
B123 0.03 0.01 0.01 0.09 0.34 0.52 
B100L 0.04 0.07 0.01 0.46 0.02 0.47 
B100R   0.04 0.37 0.07 0.46 
B226L -- -- -- -- -- -- 
Average 0.07 0.08 0.06 0.17 0.15 0.51 
SD 0.06 0.09 0.07 0.14 0.08 0.20 
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Figure 2.6 Mean leptocephalus stable isotope values 
Mean carbon and nitrogen isotope values for leptocephali collected at each sampling 
station. 
 
 
Figure 2.7 Mean zooplankton isotope values 
Mean carbon and nitrogen isotope values for all zooplankton size fractions combined 
from each sampling station.  
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Figure 2.8 Mean POM isotope values 
Mean carbon and nitrogen isotope values for POM samples collected at each sampling 
station. 
 
  
APPENDIX A– Supplemental Figures and Tables 
 
Figure A.1 Family Ophichthidae correlations between abundance and occurrence for Fall surveys 
Correlations among pairs of time series (1990-2014) anomalies of Ophichthidae leptocephalus abundance and percent occurrence for SEAMAP Fall Plankton Survey bongo net 
and neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 min), as well as percent occurrence for each gear type (%) were 
scaled against the time series mean. Scatter plots of anomaly pairs appear in the off diagonal with Spearman’s rank correlation coefficients (upper left) and least-squares reference 
lines (red). Histograms of the anomalies appear along the matrix diagonal. Oc=Occurrence; Ab=Abundance; B=bongo net; N=neuston net. 
  
 
Figure A.2 Family Ophichthidae correlations between abundance and occurrence for Spring surveys 
Correlations among pairs of time series (1990-2014) anomalies of Ophichthidae leptocephalus abundance and percent occurrence for SEAMAP Spring Plankton Survey bongo net 
and neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 min), as well as percent occurrence for each gear type (%) were 
scaled against the time series mean. Scatter plots of anomaly pairs appear in the off diagonal with Spearman’s rank correlation coefficients (upper left) and least-squares reference 
lines (red). Histograms of the anomalies appear along the matrix diagonal. Oc=Occurrence; Ab=Abundance; B=bongo net; N=neuston net
  
 
Figure A.3 Family Congridae correlations between abundance and occurrence in Fall Plankton Survey 
Correlations among pairs of time series (1990-2014) anomalies of Congridae leptocephalus abundance and percent occurrence for SEAMAP Fall Plankton Survey bongo net and 
neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 min), as well as percent occurrence for each gear type (%) were scaled 
against the time series mean. Scatter plots of anomaly pairs appear in the off diagonal with Spearman’s rank correlation coefficients (upper left) and least-squares reference lines 
(red). Histograms of the anomalies appear along the matrix diagonal. Oc=Occurrence; Ab=Abundance; B=bongo net; N=neuston net
  
  
Figure A.4 Family Congridae correlations between abundance and occurrence for Spring surveys 
Correlations among pairs of time series (1990-2014) anomalies of Congridae leptocephalus abundance and percent occurrence for SEAMAP Spring Plankton Survey bongo net 
and neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 min), as well as percent occurrence for each gear type (%) were 
scaled against the time series mean. Scatter plots of anomaly pairs appear in the off diagonal with Spearman’s rank correlation coefficients (upper left) and least-squares reference 
lines (red). Histograms of the anomalies appear along the matrix diagonal. Oc=Occurrence; Ab=Abundance; B=bongo net; N=neuston net. 
  
 
Figure A.5 Family Muraenidae correlations between abundance and occurrence in Fall surveys  
Correlations among pairs of time series (1990-2014) anomalies of Muraenidae leptocephalus abundance and percent occurrence for SEAMAP Fall Plankton Survey bongo net and 
neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 min), as well as percent occurrence for each gear type (%) were scaled 
against the time series mean. Scatter plots of anomaly pairs appear in the off diagonal with Spearman’s rank correlation coefficients (upper left) and least-squares reference lines 
(red). Histograms of the anomalies appear along the matrix diagonal. Oc=Occurrence; Ab=Abundance; B=bongo net; N=neuston net.
  
 
 
Figure A.6 Family Muraenidae correlations between abundance and occurrence for Spring surveys 
Correlations among pairs of time series (1990-2014) anomalies of Muraenidae leptocephalus abundance and percent occurrence for SEAMAP Spring Plankton Survey bongo net 
and neuston net samples. Abundances for bongo net samples (larvae/10 m2) and neuston net samples (larvae/10 min), as well as percent occurrence for each gear type (%) were 
scaled against the time series mean. Scatter plots of anomaly pairs appear in the off diagonal with Spearman’s rank correlation coefficients (upper left) and least-squares reference 
lines (red). Histograms of the anomalies appear along the matrix diagonal. Oc=Occurrence; Ab=Abundance; B=bongo net; N=neuston net.
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Table A.1 Leptocephalus stable isotope values 
Mean stable isotope values (δ13C and δ15N) for leptocephali expressed in ‰ with standard deviation (SD) 
and C:N ratio. Stations followed by R or L indicate that a leptocephalus was caught in both the left (L) and 
right (R) bongo net at that station.  
Station Taxon δ13C SD δ15N SD C:N 
B099R Letharcus velifer -20.96 0.10 7.59 1.89 4.06 
B099L Quassiremus ascensionis -21.05 0.18 6.18 0.04 4.54 
B100L Ophichthus malanoporus -19.73 0.43 5.37 0.08 4.20 
B100L Letharchus velifer -21.07 0.02 5.63 0.14 4.18 
B100R Ophichthus gomesii -22.72 0.26 5.65 0.05 4.15 
B100R Ophichthus gomesii -20.10 0.19 5.99 0.03 4.13 
B110R Bascanichthys sp -19.33 0.02 5.49 0.03 3.86 
B118 Ophichthus gomesii -20.09 0.22 6.09 0.18 3.97 
B123 Ahlia egmontis -20.51 0.43 2.15 0.36 4.92 
B141 Ophichthus gomesii -21.32 0.18 7.72 0.01 4.16 
B155 Bassanichthys scoticaris -22.24 1.95 8.21 0.15 4.72 
B165 Rhynchoconger gracilior/guppyi -22.41 0.06 8.93 0.15 3.93 
B165 Rhynchoconger gracilior/guppyi -22.81  8.76  4.13 
B169 Rachias sp -22.40 0.09 8.38 0.05 4.33 
B203L Ophichthus gomesii -20.74 0.13 6.58 0.48 4.16 
B203L Ophichthus gomesii -21.30 0.02 8.43 0.43 4.17 
B203L Ophichthus gomesii -21.95 0.06 8.33 0.15 4.21 
B203L Ophichthus gomesii -22.09 0.03 8.72 0.54 4.56 
B203R Ophichthus gomesii -23.44 0.18 9.36 0.06 4.06 
B203R Ophichthus gomesii -21.71 0.27 9.20 0.32 4.11 
B211 Echiophis punctifer -20.97 0.21 11.31 0.30 3.82 
B211 Ophichthus gomesii -21.03 0.02 8.87 0.14 4.26 
B218 Ophichthus gomesii -21.65 0.09 8.31 0.10 4.42 
B222 Ahlia egmontis -20.63 0.29 8.78 0.02 4.06 
B223 Ophicthus puncticeps -19.46 0.06 3.91 0.06 4.10 
B225L Nettenchelys pygmaea -22.32 0.00 6.25 0.08 3.93 
B225R Ophichthus gomesii -19.70  3.56  4.33 
B225R Gnathophis sp -21.21 0.11 5.02 0.13 3.98 
B226L Gymnothorax ocellatus -19.55 0.04 4.25 0.12 4.21 
B226R Hoplunnis macrura -23.12  9.58  4.69 
B226R Hoplunnis macrura -22.58 0.14 9.86 0.10 4.64 
B226R Ophichthus gomesii -21.17 0.02 7.96 0.74 4.26 
B319 Ophichthus gomesii -20.40 0.19 8.19 0.44 4.20 
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Table A.2 Zooplankton stable isotope values 
Mean stable isotope values (δ13C and δ15N) for zooplankton expressed in ‰ with standard deviation (SD) 
and C:N ratio. Size fraction expressed in mm. Stations followed by R or L indicate that a leptocephalus was 
caught in both the left (L) and right (R) bongo net at that station and in turn zooplankton was collected 
from both bongo nets. 
Station 
Size 
Fraction δ13C 
 
SD δ15N SD C:N 
B225R 4.75 -22.12 0.60 5.93 1.59 6.43 
B225R 2.0 -21.14 0.14 2.77 0.79 5.86 
B225R 1.0 -20.74 0.33 4.36 0.22 4.71 
B225R 0.505 -20.73 0.47 3.55 0.32 4.77 
B225R 0.212 -21.10 0.18 3.12 0.20 4.93 
B225L 2.0 -19.87 0.67 3.11 0.56 4.02 
B225L 1.0 -20.50 0.07 4.15 0.16 4.58 
B225L 0.505 -20.50 0.08 3.37 0.28 4.86 
B225L 0.212 -21.21 0.43 2.60 0.12 5.09 
B226R 4.75 -22.19 1.56 8.54 0.66 5.39 
B226R 2.0 -20.96 0.35 8.92 0.04 4.76 
B226R 1.0 -21.29 1.07 9.17 0.49 4.18 
B226R 0.505 -21.00 0.79 6.94 2.50 4.67 
B226R 0.212 -21.65 0.08 7.97 0.17 4.86 
B226L 4.75 -20.94 0.02 7.94 0.05 7.89 
B226L 2.0 -19.26 0.69 9.39 0.32 3.82 
B226L 1.0 -20.26 0.53 9.13 0.12 4.20 
B226L 0.505 -21.81 0.47 8.52 0.20 4.58 
B226L 0.212 -22.94 1.57 7.71 0.03 4.91 
B222 2 -21.26 0.34 9.39 0.67 3.85 
B222 1 -20.65 0.18 9.43 0.09 4.46 
B222 0.505 -20.60 0.17 8.62 0.33 4.32 
B222 0.212 -21.08 0.06 8.30 0.24 4.72 
B223 2 -20.00 0.00 5.41 0.25 4.37 
B223 1 -20.64 0.25 6.03 0.28 4.49 
B223 0.505 -21.40 0.03 5.76 0.15 4.54 
B223 0.212 -21.89 0.05 5.03 0.16 4.95 
B218 2 -20.74 0.36 8.24 0.75 4.41 
B218 1 -20.34 0.19 8.65 0.40 4.08 
B218 0.505 -20.98 0.38 7.68 0.17 4.44 
B218 0.212 -21.90 1.06 7.35 0.08 4.70 
B211 2 -20.85 0.00 10.76 0.24 5.13 
B211 1 -19.85 0.22 11.34 0.08 4.09 
B211 0.505 -20.88 0.27 10.83 0.04 4.60 
B211 0.212 -21.25 0.12 9.92 0.73 4.40 
B203R 4.75 -23.56  8.77  5.93 
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Table A.2 Continued. 
 
Station 
Size 
Fraction δ13C 
 
SD δ15N SD C:N 
B203R 2 -22.70 1.01 7.72 0.11 6.08 
B203R 1 -21.37 0.82 10.03 0.26 4.97 
B203R 0.505 -22.31 0.28 9.23 0.48 4.84 
B203R 0.212 -22.48 0.05 8.86 0.03 4.83 
B203L 2 -21.38 0.07 9.55 0.13 4.04 
B203L 1 -20.81 0.32 9.88 0.03 4.33 
B203L 0.505 -21.97  8.92  4.65 
B203L 0.212 -22.28 0.09 8.77 0.06 4.50 
B319 2 -20.64 0.66 8.34 0.43 5.80 
B319 1 -19.52 0.02 8.50 0.07 4.42 
B319 0.505 -20.21 0.26 7.42 0.02 4.74 
B319 0.212 -20.48 0.07 7.36 0.13 5.07 
B169 4.75 -22.27 1.63 9.33 1.59 5.44 
B169 2 -21.65 0.04 9.05 0.30 5.56 
B169 1 -21.46 0.32 8.39 0.31 4.78 
B169 0.505 -21.68 0.08 8.11 0.11 4.84 
B169 0.212 -22.30 0.03 7.55 0.12 4.88 
B165 4.75 -22.11 1.60 7.28 1.91 6.00 
B165 2 -21.70  7.72  6.16 
B165 1 -21.73 0.29 7.23 0.14 4.92 
B165 0.515 -21.01 0.25 8.06 0.31 4.38 
B165 0.212 -22.24 0.22 7.16 0.17 4.95 
B141 4.75 -21.00 0.70 8.86 0.87 5.05 
B141 2 -21.12 0.01 7.62 0.18 5.16 
B141 1 -20.61 0.41 7.60 0.30 4.31 
B141 0.515 -20.67 0.62 7.27 0.29 4.15 
B141 0.212 -21.30 0.03 6.79 0.07 4.57 
B155 2 -20.56 0.17 8.17 0.07 4.51 
B155 1 -19.70 0.05 8.43 0.20 3.96 
B155 0.505 -21.07 0.06 7.29 0.07 4.49 
B155 0.212 -21.75 0.19 7.05 0.10 4.66 
B118 2 -20.76 0.20 7.00 0.02 4.92 
B118 1 -20.34 0.24 7.37 0.11 4.38 
B118 0.505 -20.52 0.01 6.77 0.00 4.33 
B118 0.212 -21.59 0.26 6.07 0.28 5.37 
B099R 2 -20.07 0.55 6.71 0.58 4.60 
B099R 1 -20.20 0.45 6.68 0.27 4.27 
B099R 0.505 -21.00 0.16 5.77 0.22 4.54 
B099R 0.212 -21.22 0.09 4.85 0.03 4.86 
B099L 4.75 -20.65 0.01 6.40 0.09 5.70 
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Table A.2 Continued 
Station 
Size 
Fraction δ13C 
 
SD δ15N SD C:N 
B099L 2 -19.87 0.40 7.29 0.40 4.40 
B099L 1 -20.72 0.87 6.12 1.03 4.66 
B099L 0.505 -21.22 0.07 5.40 0.05 4.87 
B099L 0.212 -21.42 0.28 4.47 0.57 5.17 
B123 4.75 -21.11  3.29  5.51 
B123 2 -21.29 0.59 4.18 0.15 5.28 
B123 1 -20.91 0.25 3.79 0.01 4.57 
B123 0.505 -21.18 0.28 3.07 0.29 4.81 
B123 0.212 -21.55 0.43 2.85 0.30 4.84 
B100L 4.75 -19.31 0.01 6.29 0.06 3.83 
B100L 2 -21.20 0.41 5.99 0.87 4.99 
B100L 1 -21.31 0.66 5.63 0.29 4.88 
B100L 0.505 -21.42 0.57 5.05 0.11 4.67 
B100L 0.212 -23.64 0.72 4.31 0.10 5.46 
B100R 2 -20.83 0.01 5.64 1.06 4.74 
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Table A.3 POM stable isotope values 
Mean stable isotope values (δ13C and δ15N) for POM expressed in ‰ and C:N ratio. Location indicates 
whether the water sample was taken from the surface or bottom. No data (nd) indicates samples that did not 
process correctly. 
Station Location δ13C δ15N C:N 
B099 Bottom -25.62 2.47 6.06 
B099 Surface -24.99 2.88 5.69 
B100 Bottom -26.81 3.27 6.36 
B100 Surface -25.01 2.54 7.26 
B118 Bottom  4.60 5.83 
B118 Surface -25.15 3.50 8.28 
B123 Bottom -29.02 1.55 7.12 
B123 Surface -27.83 nd nd 
B141 Bottom -26.60 5.19 6.73 
B141 Surface -25.81 3.16 7.47 
B155 Bottom -28.03 7.74 7.14 
B155 Surface -25.43 4.19 7.28 
B165 Bottom -34.03 nd nd 
B165 Surface -29.64 3.99 7.35 
B169 Bottom -30.05 nd nd 
B169 Surface -29.36 4.49 6.51 
B203 Bottom -27.53 7.47 7.77 
B203 Surface -25.17 13.44 6.68 
B211 Bottom -24.07 7.35 10.02 
B211 Surface -24.53 7.70 6.35 
B218 Bottom -27.04 2.47 6.63 
B218 Surface -23.14 7.98 6.25 
B222 Bottom -25.04 7.51 6.97 
B222 Surface -24.64 5.15 6.94 
B223 Bottom -28.19 2.48 7.17 
B223 Surface -24.23 0.90 6.93 
B226 Bottom -29.97 7.62 7.17 
B319 Bottom -25.37 6.74 7.26 
B319 Surface -25.18 5.36 6.88 
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Table A.4 IsoSource results for each station 
Mean, minimum, and maximum IsoSource diet contributions with standard deviation (SD) for each station 
sampled. 
Station  4.75 2.0 1.0 0.505 0.212 POM 
B099R Mean  0.134 0.134 0.181 0.264 0.288 
 Min  0.000 0.000 0.000 0.000 0.000 
 Max  0.620 0.630 0.820 1.000 0.510 
 SD  0.110 0.111 0.146 0.196 0.103 
B099L Mean 0.073 0.057 0.081 0.106 0.172 0.511 
 Min 0.000 0.000 0.000 0.000 0.000 0.110 
 Max 0.430 0.340 0.460 0.580 0.890 0.690 
 SD 0.066 0.052 0.071 0.091 0.137 0.080 
B100R Mean  0.069 0.038 0.370 0.067 0.456 
 Min  0.000 0.000 0.150 0.000 0.330 
 Max  0.320 0.180 0.560 0.320 0.530 
 SD  0.060 0.035 0.069 0.058 0.032 
B100L Mean 0.036 0.005 0.010 0.463 0.020 0.466 
 Min 0.000 0.000 0.000 0.340 0.000 0.410 
 Max 0.130 0.040 0.070 0.550 0.100 0.520 
 SD 0.032 0.008 0.012 0.045 0.020 0.020 
B118 Mean  0.075 0.059 0.158 0.235 0.474 
 min  0.000 0.000 0.000 0.000 0.330 
 max  0.340 0.260 0.500 0.670 0.560 
 SD  0.064 0.051 0.108 0.143 0.039 
B123 Mean 0.034 0.007 0.012 0.089 0.343 0.515 
 Min 0.000 0.000 0.000 0.000 0.000 0.470 
 Max 0.200 0.050 0.080 0.460 0.530 0.540 
 SD 0.033 0.009 0.014 0.080 0.083 0.011 
B141 Mean 0.043 0.085 0.095 0.114 0.141 0.523 
 Min 0.000 0.000 0.000 0.000 0.000 0.380 
 Max 0.22 0.47 0.480 0.530 0.620 0.590 
 SD 0.039 0.075 0.080 0.090 0.107 0.032 
B155 Mean  0.012 0.010 0.113 0.215 0.650 
 Min  0.000 0.000 0.000 0.000 0.590 
 Max  0.060 0.050 0.330 0.410 0.690 
 SD  0.013 0.012 0.085 0.096 0.018 
B165 Mean 0.159 0.136 0.163 0.126 0.166 0.250 
 Min 0.000 0.000 0.000 0.000 0.000 0.070 
 Max 0.890 0.790 0.910 0.720 0.930 0.480 
 SD 0.135 0.118 0.137 0.109 0.140 0.079 
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Table A.4 Continued 
Station  4.75 2.0 1.0 0.505 0.212 POM 
B169 Mean 0.163 0.043 0.067 0.079 0.115 0.533 
 Min 0.000 0.000 0.000 0.000 0.000 0.350 
 Max 0.410 0.270 0.390 0.460 0.650 0.710 
 SD 0.058 0.041 0.061 0.071 0.101 0.046 
B203R Mean 0.022 0.288 0.009 0.015 0.022 0.644 
 Min 0.000 0.110 0.000 0.000 0.000 0.160 
 Max 0.130 0.840 0.060 0.100 0.130 0.780 
 SD 0.022 0.116 0.011 0.017 0.022 0.101 
B203L Mean  0.016 0.011 0.056 0.070 0.848 
 Min  0.000 0.000 0.000 0.000 0.820 
 Max  0.070 0.050 0.16 0.180 0.860 
 SD  0.016 0.012 0.039 0.043 0.010 
B211 Mean  0.040 0.043 0.035 0.095 0.786 
 Min  0.000 0.000 0.000 0.000 0.720 
 Max  0.190 0.170 0.170 0.280 0.840 
 SD  0.036 0.036 0.033 0.060 0.020 
B218 Mean  0.080 0.070 0.10 0.116 0.635 
 Min  0.000 0.000 0.000 0.000 0.450 
 Max  0.390 0.340 0.480 0.550 0.820 
 SD  0.068 0.060 0.083 0.096 0.068 
B222 Mean  0.029 0.037 0.126 0.159 0.648 
 Min  0.000 0.000 0.000 0.000 0.570 
 Max  0.130 0.170 0.370 0.430 0.690 
 SD  0.027 0.034 0.083 0.095 0.020 
B223 Mean  0.418 0.012 0.009 0.018 0.543 
 Min  0.390 0.000 0.000 0.000 0.530 
 Max  0.460 0.060 0.040 0.080 0.550 
 SD  0.017 0.014 0.010 0.017 0.005 
B226R Mean 0.051 0.042 0.036 0.501 0.082 0.289 
 Min 0.000 0.000 0.000 0.15 0.000 0.080 
 Max 0.290 0.240 0.210 0.900 0.450 0.430 
 SD 0.046 0.038 0.034 0.123 0.071 0.091 
B226L   nd nd nd nd nd 
B319 Mean  0.008 0.008 0.144 0.180 0.660 
 Min  0.000 0.000 0.000 0.000 0.600 
 Max  0.040 0.040 0.360 0.400 0.690 
 SD  0.010 0.010 0.093 0.099 0.018 
        
 63 
 
Figure A.7 POM surface and bottom δ13C isotope values 
Surface and bottom δ13C isotope values of POM for each sampling station expressed in 
‰. 
 
 
Figure A.8 POM surface and bottom δ15N values 
Surface and bottom δ15N isotope values of POM for each sampling station expressed in 
‰. 
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